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EXECUTIVE SUMMARY 
 
 
Soil organic carbon (SOC) is of local importance as it determines ecosystem and agro-ecosystem 
function, influencing soil fertility, water holding capacity and many other functions. It is also of 
global importance because of its role in the global carbon cycle and therefore, the part it plays in 
the mitigation or worsening of atmospheric levels of greenhouse gases (GHGs). Past long-term 
experimental studies have shown that soil organic C is highly sensitive to changes in land use, 
with changes from native ecosystems such as forest or grassland to agricultural systems almost 
always resulting in a loss of SOC (Jenkinson 1977, Paul et al., 1997). Likewise, the way in which 
land is managed following land use change has also been shown to affect SOC stocks. We 
therefore have the opportunity in the future to adopt land use and land management strategies 
that lead to greater C storage in the soil, thereby mitigating GHG effects and improving soil 
fertility. Maximising this opportunity will require the formulation of policy at the national and sub-
national scale. A need therefore exists for a generically applicable system for estimating current 
soil organic carbon stocks and likely changes under future land use change scenarios, at the 
national and sub-national scale. 
 
The biggest changes in land use and SOC are likely to occur in tropical areas, which (along side 
arid areas) are also the areas for which we have the least data and the least understanding of 
SOM processes. In general present understanding of SOC stocks and changes is severely 
skewed in favour of temperate areas. Some studies have used models linked to spatial data to 
estimate SOC stock changes at the sub-national and national scale for areas of USA and Europe 
(Paustian 1997; Falloon 1998) and at the watershed scale for areas of Mexico and Cuba (Ponce 
Hernandez, 2004). However, a need remains for a model based system that is generically 
applicable, encompassing as wide a range of soil types, climates and land uses as possible. This 
project has developed the Global Environment Facility Soil Organic Carbon (GEFSOC) Modelling 
System in response to this need. Such a system can be used by funding agencies such as The 
Global Environment Facility, to allow them to determine likely effects of national and sub-national 
scale projects on SOC stocks and by the Intergovernmental Panel on Climate Change (IPCC) to 
improve their guidelines on SOC stock estimation. 
 
The GEFSOC Modelling System was developed using data from 4 contrasting eco-regions, The 
Brazilian Amazon, Jordan, Kenya and the Indian part of the Indo-Gangetic Plains. These regions 
were chosen for their contrasting climates and soil types and the fact that they provide examples 
of those areas underrepresented by current soil carbon models. Each region was treated as a 
case study, being coordinated by an in-country institution, with a common method being 
employed in all. The method involved five stages; 1) The evaluation and parameterisation of the 
two SOC models being used (RothC and Century) for their performance in the case study 
conditions, 2) Collation and formatting of national and sub-national scale data sets of soils, 
climate and land use for each of the case studies, 3) The development of a system linking 2 SOC 
models and the IPCC method to spatially explicit data via a geographic information system (GIS), 
4) Assessment of current SOC stocks and comparison of these estimates with outcome from 
existing methods, 5) Development of plausible land use change scenarios for each of the case 
study areas and assessment of SOC stock changes under these scenarios. 
 
A number of data sources and approaches were used for the evaluation of RothC and Century, 
depending on the availability of data in the different case study areas. These included long term 
experimental data sets and data from land use change chronosequences. The applicability of the 
models to case study country conditions was improved in a number of ways including; -1) The 
development of or improvement of crop and tree input parameters, 2) The improvement of 
Century to enhance model performance in double and triple cropping systems and flooded 
systems such as rice and 3) The improvement of the decomposition model in Century to allow 
better performance at high temperatures. In addition, a system was developed which allowed 
  xi
both RothC and Century to be run in tandem and to allow RothC to run on LINUX and UNIX 
operating systems. 
 
Under The GEFSOC Project, national and sub-national scale data sets have been collated and 
formatted for soils, climate, land use (historical and current) and land management for The 
Brazilian Amazon, the Indian Indo-Gangetic Plains, Jordan and Kenya. All of these data sets are 
now in a comparable, standardised format. The GEFSOC project used existing data sets from a 
variety of sources with the idea of consolidating fragmented data into an easily accessible format 
that could be used by a generic modelling system. For soils, each case study country now has a 
complete Soil and Terrain (SOTER) database. Each country now has a database of land use and 
land management (both current and historical) compiled from national statistical reports (formerly 
in paper format), research reports and global data sets. Each country also has a comparable 
climate database, put together from a variety of sources using different approaches, but with a 
common output. These datasets will be useful for compilation of national inventories of GHGs, 
other research projects and agricultural, biodiversity and land degradation assessments. 
 
Many different factors affected SOC dynamics and therefore, SOC stocks in each of the case 
study countries. Land use in the case studies varied widely, ranging from very recent change 
from native vegetation in The Brazilian Amazon, to centuries old agricultural systems in the IGP. 
Soil C stock estimates and their distribution between major land use types and ecological zones 
showed some differences between the three models (Century, RothC and IPCC) and the type 
and degree of agreement also varied between the countries.  For the Brazilian Amazon, Century 
estimated higher SOC stocks (~ 32,500 Tg) than either RothC or IPCC, with both estimating 
current soil C stocks at ~  27,000 Tg. Map and survey based estimates were ~ 21,000 to 25,000 
Tg C.  In terms of total stocks (Tg) native vegetation and degraded pasture were the highest 
contributors to the total, however on a per unit area basis (Tonnes ha-1), native vegetation and 
well-managed pasture were more important. For Kenya, Roth C and Century predicted similar 
SOC stocks of ca. 1400-1500 Tg C, although there were discrepancies between predictions for 
different land use classes. IPCC results were 25% higher (~2000Tg), which were comparable 
given the greater depth represented (0-30 cm). In Jordan SOC stocks were low, as expected for 
such an arid country. Stocks in 2000 were 102 and 66 Tg for RothC and Century respectively, 
although distribution between land uses was similar for both models. These values are 
comparable with estimates made for Jordan using the SOTER mapping approach (76-78 Tg).  In 
the Indian IGP, SOC stocks estimates for 2000 were 1325 Tg C (0-20 cm depth) according to 
Century and almost the same 1381 for the IPCC method. However, results were comparable on a 
total volume basis as the IPCC method accounts for a larger soil volume (0-30 cm). With Century 
in the IGP, SOC stock estimates followed land area distribution, with the rice-wheat system being 
responsible for 50% of land area and SOC stocks alike. 
 
Land use and land management changes for each of the case study countries were estimated 
from 2000 to 2030 based on the FAO projections of changes in cropping area and crop 
production (FAO 2002). In general, the two simulation models (Century and RothC) predict 
overall losses of soil C for all the countries, for the future projections (2000-2030).  This reflects 
both continued land use change in Brazil and Kenya as well as current and projected land 
management changes, within a specific land use.  In contrast, the IPCC method predicts a lower 
degree of change than the simulation models.  
 
In the Brazilian Amazon, The system estimated that if current deforestation rates continue, 4200 
Tg of SOC will have been lost by 2030 (compared to the 1990 value). Therefore, stopping (or at 
least reducing) deforestation is an obvious recommendation from an SOC point of view, in 
addition to all of the other benefits of forest conservation. In the Indian IGP, projected future SOC 
losses were mainly associated with the intensification of cropping and the disappearance of fallow 
periods in cropping rotations. Intensification of cropping can only benefit SOC if it is accompanied 
by appropriate tillage practices, therefore it is recommended that the projected intensification in 
the IGP be accompanied by reduced tillage practices. In Jordan, again, future SOC stock 
reductions were estimated by both models in The GEFSOC system. These reductions were due 
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almost exclusively to degradation of rangeland. Reducing stocking rates and avoiding over 
grazing are recommended in order to avoid SOC stock depletion and possible desertification in 
Jordan. Similarly, for Kenya, projected SOC stock reductions between 2000 and 2030 were 
attributed mainly to one land use change, conversion of grasslands and savannah to subsistence 
agriculture. Therefore, preservation of natural grasslands and savannah is likely to benefit 
Kenyan national SOC stocks in the future. 
 
The GEFSOC Modelling System and outputs from The GEFSOC Project have great potential for 
use by a variety of end-users. The system can be used by The GEF to provide information on the 
likely impacts of national and sub-national scale projects (that propose land use/management 
change) on soil carbon stocks and changes. It can also be used by other research projects, land 
use planners or government departments wishing to answer questions on the impact of land use 
change on SOC stocks and GHGs inventories. Although originally designed for use at the 
national and sub-national scale, The GEFSOC system in essence, can be applied to any complex 
system land use system involving large amounts of data. It could therefore be applied at the 
watershed scale, or other scales, providing adequate datasets were available. 
 
The GEFSOC Modelling System will continue to be developed and improved. Ideas for 
development include adaptation of the system to allow consideration of soil erosion and 
salinisation on SOC stocks, inclusion of further detailed land management information for tropical 
subsistence farming systems, consideration of soil inorganic carbon stocks and modification of 
outputs to include trace GHGs emissions. 
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1. INTRODUCTION 
 
1.1. The Importance of Soil Organic Carbon (SOC) 
 
Excluding carbonate rocks, soils represent the largest terrestrial stock of C, holding between 
1400 x 1015 g (Post et al., 1982) and  1500 x 1015 g C (Batjes, 1996). This is approximately twice 
the amount held in the atmosphere and 3 times the amount held in terrestrial vegetation.  In most 
soils (with the exception of calcareous soils) the majority of this carbon is held in the form of soil 
organic carbon (SOC) (Batjes and Sombroek, 1997). Thus changes in terrestrial SOC stocks 
(both increases and decreases) can be of global significance and may either mitigate or worsen 
climate change. SOC is vital for ecosystem function, having a major influence on soil structure, 
water-holding capacity, cation exchange capacity, and the soils ability to form complexes with 
metal ions and to store nutrients (van Keulen, 2001). Appropriate management of soils to 
increase SOC levels can therefore increase the productivity and sustainability of agricultural 
systems (Cole et al. 1997). Such management also has a part to play in the mitigation of green 
house gases (GHGs), with soils having the capacity to release or store C. This is recognised by 
the United Nations Framework Convention on Climate Change and the Kyoto Protocol, which 
refers to the removal of C from the atmosphere by the improved management of agricultural soils 
(Article 3.4.) and by forestry activities, including C storage in forest soils (Article 3.3.).  
 
1.2. Estimates of Current SOC Stocks 
 
Different authors have attempted to estimate soil organic C stocks at the global level with varying 
results (Table 1.1.).  These estimates have been based on global soils maps and information on 
soil C content and other attributes taken from representative soil profiles or pedons. Variability 
has arisen because of the different soils maps used and the different number of profiles used. 
Sombroek et. al. (1993), used the revised FAO UNESCO soils map of the world in conjunction 
with soils information from a limited number of soil profiles (400) to derive their estimate of 1200 
Pg. Eswaran et. al. (1993), used the ‘Major Soils Regions of the World Map’ and soils information 
from 16,000 pedons. However, only 1000 of these were from countries outside the United States 
and very few were from the tropics. In 1996, Batjes updated the estimate made by Sombroek 
using 4,353 profiles taken from a much wider geographic area, with almost 2000 profiles from 
Africa and 1000 from Asia. Both Eswaran et al. (1993) and Batjes (1996) estimate significant soil 
C stocks in the tropics (32 and 26% of global totals respectively) highlighting the importance of 
the tropics for global C storage. However, more information is needed on soils in the tropics to 
increase the accuracy of global SOC estimates.  
 
 
Table 1.1. Estimates of global soil carbon stocks  
 
Study 
 
Global soil C estimate (Pg 
to a depth of 1m) 
Post et al. (1982) 1400 
Buringh (1984) 1427 
Kimble (1990) 2200 
Sombroek et al. (1993) 1220 
Eswaran et al. (1993) 1576 
Batjes (1996) 1462 - 1548 
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1.3. Future Changes in SOC Stocks 
 
Past long-term experimental studies have shown that soil organic C is highly sensitive to changes 
in land use, with changes from native ecosystems such as forest to agricultural systems almost 
always resulting in a loss of SOC (Jenkinson 1977, Paul et al. 1997). Likewise, the way in which 
land is managed following land use change has also been shown to affect SOC stocks. We 
therefore have the opportunity in the future to change to land use and land management 
strategies that lead to C storage in the soil, thereby mitigating GHGs effects and improving soil 
fertility.  
 
Cultivated lands can be managed in ways that either decrease SOC loss such as reducing tillage 
and using cover crops, or in ways that increase C inputs, such as incorporating crop residues or 
increasing manure application. Cole et al. (1997) estimated historic losses of C from soils due to 
cultivation to be ~ 55 Pg. They point out that assuming half of this amount can be recovered, the 
global potential for C sequestration in cultivated soils through appropriate management could be 
between 20-30 Pg over the next 50-100 years. Grasslands also have the potential to sequester C 
with appropriate management. Ogle et al. (2004) looked at 45 studies and found that poor 
management of grasslands leading to degradation had associated SOC losses of 3 to 5% in 
temperate and tropical regions respectively. In contrast changing management strategy could 
increase SOC content by 14 and 17% in temperate and tropical regions respectively. 
 
Rates of land use change are greatest in the tropics, where the demand for agricultural land is 
increasing as population levels rise. Tropical agriculture currently feeds 70% of the world’s 
population (Lal and Sanchez 1992). Much of this demand will be met by converting native 
ecosystems to cultivated or pasture land, releasing C from soils to the atmosphere (Batjes and 
Sombroek 1997). Subsequent poor management of newly converted land can then lead to further 
losses of SOC and eventual land degradation. Despite the importance of tropical areas in terms 
of the percentage of global SOC stocks they account for and the vulnerability of these stocks, we 
still have relatively little information about soils in these regions and how they react to land 
use/land management practices. The same can be said of drylands or arid regions that have 
relatively low SOC stocks per unit area, but are important globally because the occupy such large 
areas (47.2 %, Lal 2003).  
 
In order to make appropriate future land use/land management changes globally, we need to 
address the information gaps for SOC stocks and the factors determining them in tropical and 
dryland areas. 
 
1.4. Modelling SOC Change  
 
Estimating current SOC stocks provides information on the immediate resource base. However, 
in order to make appropriate management decisions we need to be able to predict how SOC 
stocks will change as a function of changes in land use and climate. Several different approaches 
have been used to make such predictions at a range of scales from the plot to the global. 
Detailed predictions at the plot-scale, are possible, but they are, by their nature site specific, 
making results of limited value. Global scale predictions are informative but have limited effect on 
policy at the ground level, whereas regional and national scale predictions allow the benefits of 
varying land use policies to be considered, potentially leading to appropriate resource 
management in the future. An understanding of SOC stocks and changes at the national and 
regional scale is necessary in order to further our understanding of the global carbon cycle, to 
assess the responses of terrestrial ecosystems to climate change and to aid policy makers in 
making land use/management decisions.  
 
Some studies have used empirical methods to estimate SOC stocks and changes at the regional 
scale, however such studies are limited in their ability to predict future changes and most have 
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been carried out using temperate data sets. The computational method outlined by the 
Intergovernmental Panel on Climate Change (IPCC) (IPCC 1997) has been used to estimate 
SOC stock changes at the regional scale in several studies, including a recent study considering 
5 contrasting eco-regions (Ponce-Hernandez 2004). This ‘one step’ approach fails to account for 
the dynamic manner in which SOC changes are likely to occur following changes in land use and 
land management and is therefore only reliable when considering steady state conditions. 
 
A modelling approach allows estimates to be made in a manner that accounts for the underlying 
processes leading to SOC change. Falloon et al. (2002) summarised approaches used to 
estimate changes in SOC stocks at the regional scale. Regression approaches have been used, 
where long-term experimental data sets are simply extrapolated into the future (Smith et al. 2000 
and 2001; Gupta and Rao 1994) as have regression approaches based on spatially explicit soil 
databases (Kern and Johnson 1993; Kotto-Same et al. 1997). The second approach has the 
advantage of being able to take into account local variability in soil conditions. Falloon et al. 
(2002) point out that both these approaches assume a constant rate of change in SOC, which is 
unrealistic, given the fact that many studies have shown rapid initial changes in SOC immediately 
following land use change, followed by a slower rate of change (Coleman et al. 1997).  
 
None of these approaches fully account for the fact that change in SOC is a dynamic process or 
that changes in land use and climate are also likely to occur in a dynamic fashion. Dealing with 
dynamic change requires a modelling approach linked to spatially resolved data. Such 
approaches have the added advantage of being able to identify specific geographic areas of SOC 
stock change (Falloon et al. 2002). Paustian et al. (1997) point to two classes of models currently 
being used to do this; ecosystem models, designed for site scale studies and macro scale models 
developed for continental or global applications. The macro scale approach often takes a 
simplistic view of SOC dynamics, treating soil organic matter (SOM) as only one or two pools. At 
the regional scale this can lead to an oversimplification, producing generalisations over 
heterogeneous areas. Conversely, ecosystem models employ a state of the art understanding of 
SOM, splitting SOM into several pools with varying turnover times and biological significance 
(Metherell et al. 1993, Coleman and Jenkinson 1995). Such models when linked to spatial 
databases can, therefore be used at the regional scale to give estimates which are more ‘location 
specific’ (King et al. 1997, Paustian et al. 1997, Falloon et al. 1998, 2001).  
 
The use of any system for estimating SOC stock changes at the regional scale is constrained by 
data availability and a sufficient understanding of the ecosystem to which it is applied (Paustian 
1997). Ogle et al. (2004) noted that use of the IPCC method could lead to biases especially in 
cases where the underlying studies are not representative of management effects, climate or 
soils in a particular region. This is equally applicable to coupled SOM modelling GIS systems 
(Coleman et al. 1997). All of the most commonly used SOM models (Roth-C, Century, CANDY, 
DAISY) were developed using data sets from temperate regions and therefore need to be tested 
before being applied to tropical or arid areas, where rates of biomass production and 
decomposition are different. Application of a coupled modelling GIS system at the regional or 
national scale therefore requires two types of data: 1) long-term experimental data sets in which 
changes in SOC are measured over time, against which models can be evaluated and 2) national 
or regional scale data sets of soils, climate and land use to act as input data. In many countries, 
especially developing countries in tropical and arid areas, such data is either lacking or has yet to 
be collated and put into electronic format. 
 
 
1.5. The Need for a Generic SOC Modelling System 
 
Between now and the year 2030, land use and climate change will have a substantial impact on 
soil organic carbon stocks globally and thus will potentially have significant influence on 
atmospheric CO2 concentrations and climate change. The biggest changes are likely to occur in 
tropical and arid areas, which are also the areas for which we have the least data and the least 
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understanding of SOM processes. The result is that our present understanding of SOC stocks 
and changes is severely skewed in favour of temperate areas.  
 
Some studies have used models linked to spatial data to estimate SOC stock changes at the sub-
national and national scale for areas of USA and Europe (Paustian 1997; Falloon 1998) and at 
the watershed scale for areas of Mexico and Cuba. However, a need remains for a national and 
regional scale spatially explicit model based system that is generically applicable, encompassing 
as wide a range of soil types, climates and land uses as possible. This project has developed the 
Global Environment Facility Soil Organic Carbon  (GEFSOC) modelling system in response to 
this need. The GEFSOC Modelling System has the potential to allow comparable estimates of 
SOC stocks and changes to be made for diverse conditions, providing invaluable information for 
countries wishing to take part in an emerging carbon market and bringing us closer to an 
understanding of the future role of soils in the global carbon cycle. 
 
The GEFSOC Modelling System for estimating SOC stocks offers an important methodology from 
the national perspective to: 
 
- Improve national assessment methodologies relating to the UNFCCC for carbon 
emissions and sinks 
- Help national agencies analyse the impact of a range of land management 
scenarios for sustainability and conservation of biodiversity vis à vis carbon 
sequestration 
- Help national agencies analyse the impact of a range of land management 
scenarios on soil fertility and production, using soil carbon as a surrogate 
measure of soil quality. 
- Allow developing countries in tropical and arid areas to make quantitative 
estimates of carbon sequestration potential for use in international negotiations 
and take full advantage of opportunities presented through global carbon trading, 
such as the Clean Development Mechanism (CDM)   
 
 
  and from the global perspective to: 
 
- Increase the accuracy of global estimates of SOC stocks and changes 
- Understand the consequences of land use change for the global C cycle   
- Understand the global GHG mitigation potential of changes in land use/land 
management 
- Provide bodies such as the Global Environment Facility with a tool for the 
quantitative, predictive assessment of potential consequences of land 
management interventions on carbon sequestration in soils 
- Compliment the IPCC process by providing a detailed, soil-based assessment of 
land use impacts 
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2. AIMS AND OBJECTIVES OF THE GEFSOC PROJECT 
 
2.1. Aim  
 
The aim of this project was to improve national assessment methodologies relating to land use 
options and UNFCCC requirements and to support core activities of the GEF Integrated 
Ecosystem Management Operational Programme and IPCC by developing and demonstrating a 
generic tool that quantifies the impact of land management and climate scenarios on carbon 
sequestration in soils. During development a greater emphasis was put on land use/management 
scenarios. 
 
2.2. Objectives 
 
Specific research objectives were to: 
(i) Identify and use long-term experimental data sets to systematically evaluate and refine 
modelling techniques to quantify carbon sequestration potential in tropical soils 
(ii) Define, collate and format national-scale soils, climate and land use data sets and to use them 
in the development of a coupled modelling-GIS tool to estimate soil carbon stocks 
(iii) Demonstrate this tool by estimating current soil organic carbon stocks at the national and 
regional scale (using The Brazilian Amazon, The Indo-Gangetic Plains, India, Jordan and Kenya 
as case studies) and to compare these estimates with the existing techniques of combining soil 
mapping units and interpolating point data  
(iv) Quantify the impact of defined changes in land use on carbon sequestration in soils with a 
view to assisting in the formulation of improved policies to optimise resource use in the four case-
study countries Brazil, India, Jordan and Kenya. 
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3. KEY PROJECT OUTPUTS  
 
The Key Output of this project is a transferable system for estimating SOC stocks and changes in 
a range of soil and climatic conditions (The GEFSOC Modelling System), designed to help in 
formulating national and sub-national land management and carbon sequestration policy by  
(i) quantifying current soil organic carbon stocks at national and sub-national level and  
(ii) analysing the impacts of land management options on carbon storage, GHG 
emissions and sequestration possibilities. 
 
The GEFSOC Modelling System can be downloaded free of charge via the project website 
http://www.nrel.colostate.edu/projects/gefsoc-uk and the UNEP website www.unep.org and is 
accompanied by a user manual.  
 
Other project outputs include the following: 
 
• Comparable geo-referenced data sets of soils, climate and land use for Amazon-
Brazil, The Indo-Gangetic Plains, India, Jordan and Kenya (downloadable via 
http://www.nrel.colostate.edu/projects/gefsoc-uk ). 
 
• Comparable regional-/national-scale quantities of carbon stored in Amazon-Brazilian, 
The Indian Indo-Gangetic Plains, Jordanian and Kenyan soils estimated and critically 
compared with soil mapping methodologies, and maps of land use and carbon 
density derived.  
 
• Land use change scenarios for 2000 – 2030. 
 
• Comparable estimates of SOC change under these scenarios for Amazon-Brazil, The 
Indo-Gangetic Plains, India, Jordan and Kenya.  
 
• A demonstration of how the GEFSOC Modelling System can be used to give 
comparable estimates of SOC change under climate change scenarios (using the 
example of the Brazilian-Amazon). 
 
• Capacity building in the use of GIS-model interfaces and soil organic carbon stock 
assessment. 
 
• A tool developed to help GEF identify and select possible national carbon 
sequestration projects and guide their development and implementation. 
 
 
For a full list of project outputs in terms of publications, reports and data sets, please see   
Annexe 1. 
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4. METHODS  
 
4.1. Overview 
 
This section gives a general overview of all of the methods used to build the Global Environment 
Facility Soil Organic Carbon (GEFSOC) system©. Further details of the individual stages are 
given in the subsequent sections. In order to reach the aim of producing a generically applicable 
system, the GEFSOC project considered four contrasting eco-regions (Table 4.1.). These regions 
were chosen for their contrasting climates and soil types and the fact that they provide examples 
of those areas underrepresented by current soil carbon models. Each region was treated as a 
case study, being coordinated by an in-country institution, with a common method being 
employed in all. The methods can be broken down into five stages (Figure 4.1.).  
 
Table 4.1. Case study areas considered in the GEFSOC Project 
 
Case study Area 
km2 
Climate Dominant soil types 
FAO (1988)NB 
 
The Brazilian Amazon > 5,000,000 Humid 
up to 3000 (mm yr-1) 
Ferralsols, Acrisols, 
Arenosols, Leptosols, 
Cambisols, Plinthosols, 
and Gleysols 
 
The Indo-Gangetic 
Plains, India 
467,000  Arid to humid 
300-1600 (mm yr-1) 
Cambisols, Gleysols, 
Fluvisols, and Solonetz 
 
Jordan 89,206  Arid to humid 
80% of the country < 
200 (mm yr-1) 
Gypsisols, Calcisols, 
Solonchaks, Leptosols, 
and Cambisols 
 
Kenya 582,646 Arid to humid 
150-2500 (mm yr-1) 
Solonetz, Cambisols, 
Luvisols, Regosols, 
Ferralsols, Planosols, 
Arenosols, Lixisols, 
Vertisols, and Nitisols 
 
NB Major soils are listed from largest to lowest extent, and all major groups listed cover 
 > 5% of the country/case study area. Data for India, however, are only for the IGP-region (and based on the 
 IGP-simplifications). (>5% of IGP)  
 
 
STAGE 1. Model evaluation 
Two soil organic carbon models were chosen for the study, Roth-C © (developed in the UK) and 
Century © (developed in the USA). Roth-C © is a soil organic matter model that accounts for the 
effects of soil type, climate, moisture content and plant cover on the turnover of organic C in soils. 
It uses a monthly time-step to calculate total soil organic C and microbial biomass content 
(Coleman and Jenkinson 1996). Century © is a general ecosystem model which simulates the 
dynamics of C, N, P and S in different plant/soil systems. Unlike Roth-C © it has plant productivity, 
water movement, and nitrogen leaching sub-models (Parton et al. 1987). These models were 
chosen as they were found to be able to simulate long-term experimental data sets consistently 
over a range of different land uses in a comparison of 9 of the leading SOM models (Smith et al. 
1997). Stage 1 of the project involved the evaluation and refinement of these two models in order 
to assess and improve their performance in the conditions found in each case study area. This 
procedure is necessary as the application of non-evaluated, unmodified temperate models to 
tropical conditions can lead to over/under estimations of SOC turnover (Gijsman et al., 1996). In 
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order to do this, time series data sets, which had measured change in SOC, were collated in each 
of the case study regions. These included long-term experimental data sets from local research 
institutes and land use chronosequences (areas of primary forest surrounded by areas of pasture, 
which have been deforested at different points in the past, but are otherwise similar in terms of 
soil type and climate). The ability of the models to simulate these data sets was tested, and 
where necessary, modifications and refinements were made. Scope for modification existed, as 
many of the crops grown in the case study areas had not been modelled before in terms of 
effects on soil C. Likewise, many of the soil types had not been modelled before.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. The five stages of the GEFSOC Method. 
 
 
STAGE 2. Model input data 
The second stage was to collate and format national and regional scale soils climate and land 
use data sets to act as model input data. This data was needed to carry out the national and 
regional SOC model runs. The data was put into a standardised format to ensure comparable 
outputs, consistent with the aims of a generically applicable system. Subsequent use of the 
GEFSOC system in other case study areas should follow the same formatting conventions. In the 
case of soils data, the Soil and Terrain Database (SOTER) format was chosen. SOTER was 
developed by ISRIC – World Soil Information, FAO and UNEP (van Engelen, 1995 ). Its primary 
purpose has been to replace the Soils Map of The World (FAO – UNESCO, 1971-1981), which is 
now outdated. Each SOTER unit comprises of information on landform, surface form, parent 
material and slope, as well as soils. In three of the case study areas SOTER databases had 
already been compiled in the past, however, these contained gaps in the spatial data and 
COMPARE
STAGE 4. ASSESS 
CURRENT SOC STOCKS
For the year 2000
ASSIST POLICY 
FORMULATION
EXISTING 
TECHNIQUES 
STAGE 1. MODEL 
EVALUATION
Identify long term  
experimental               
data sets
SOIL C 
MODELS
STAGE 3. SOM 
MODEL/GIS LINKAGE
GIS
STAGE 2. MODEL INPUT 
DATA
Collate & format national    
scale datasets of soils 
climate and land use
STAGE 5. ASSESS CHANGES IN 
SOC STOCKS
Quantify the impact of land 
use changes on c 
sequestration in soil between 
2000 - 2030
  9
attributes (e.g. bulk density). In order to run the GEFSOC Modelling System a complete data set 
is needed. ISRIC, therefore, developed a taxo-transfer, rule-based approach for filling data gaps 
which allowed modelling work to be carried out (Batjes, 2003). Further details are given in Section 
4.2. The GEFSOC Modelling System uses components of the SOTER database to designate 
soils with similar parameters for modelling purposes (Easter et al. 2005).    
 
Climate data were collated from various sources including grid-based data from global data sets 
and point based data from national networks of meteorological stations and previous research 
projects. Climate data included mean monthly precipitation, maximum temperature, and minimum 
temperature all of which are necessary to run the GEFSOC Modelling System. Data were 
formatted as GIS coverages, classified according to similarities in precipitation and temperature 
(further details are given in Section 4.3.).  
 
Land use and land use history data also came from a variety of sources such as government 
statistical bulletins, research reports and global data sets. Much of this data was in paper format 
and had to be converted to electronic format, which was a time consuming exercise. In addition, 
information on land management was collated, e.g. crop, forestry and pasture management 
practices specific to each case study area. Land management information came from in-country 
expert knowledge, research reports and farmer interviews. The work carried out during Stage 2 
has resulted in each case study area having comprehensive data sets of soils, climate and land 
use information in comparable formats. These will be a valuable resource for future research 
projects, land use planning and policy making activities. 
 
STAGE 3. SOM model/GIS linkage 
The third stage involved the linkage of the two SOM models to a GIS system. This work was 
carried out by The Natural Resource Ecology Laboratory, USA in conjunction with Rothamsted 
Research, UK. The system includes two primary elements; a graphical user interface that allows 
users to interact with the modelling system, and a set of program modules that run the CENTURY 
and RothC models and the IPCC method for calculating soil C.  The empirical IPCC method is 
included so that output from the dynamic Roth-C and Century components can immediately be 
compared with output from another standardised method. The system is based on computer 
programs that have been in use at NREL for the past three years.  Further details are given in 
Section 4.3. 
 
STAGE 4. Assessment of current SOC stocks 
The fourth stage was to assess current SOC stocks for each case study area using the GEFSOC 
Modelling System. This demanded both current and historical land use and land management 
information. Modelling the historical land use for 100 years before present is necessary for an 
accurate assessment of current soil C stocks and change rates (Gutman et al. 2005). Current 
land use was determined in each case study area for the most recent year possible, depending 
on data availability. Global level information (e.g. population, terrain, soils, climate, land cover, 
transportation infrastructure and agro-ecological zone suitability information) was used alongside 
landscape level information. The global data sets were provided by the International Institute for 
Applied Systems Analysis (IIASA). These were down-scaled to the landscape level to show 
general land use patterns. Site and regional scale information was collated by the case study 
country researchers. This varied from case study to case study but in general consisted of census 
data and government statistics of land use and agricultural production (details are given in 
chapters 5 - 8). The land use units also varied from case study to case study, depending on the 
total size of the area to be modelled and again, the type of data available. For example in Brazil 
‘Municipios’ or counties were used as land use units, whereas in Kenya agro-climatic zones were 
used. 
 
Historical and current land use and land management information (such as crop type, crop 
rotation, pasture management etc.) were assembled into sequences of management change over 
time for each land use unit. The proportion of a unit that changed land use/management over 
time was determined using the data obtained from the land use statistical reports and, where 
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necessary, expert knowledge. The GEFSOC system can give output at points in time determined 
by the user, irrespective of the data that goes in, as it models a continuous period. The years 
1990 and 2000 were chosen to represent ‘current’ SOC stocks. The year 1990 to correspond to 
the Kyoto baseline and 2000 to act as a more recent base year representing current SOC stocks. 
This enabled comparisons to be made between case studies. 
 
STAGE 5. Assessment of changes in SOC stocks 
The final stage was then to assess likely changes in SOC stocks under a range of plausible land 
use change scenarios for the target year 2030. In order to do this, the proportion of land that 
would change land use or land management between 2000 and 2030 was determined again for 
each ‘land use’ unit, in effect extending the work carried out in Stage 4. Inferences about possible 
land use/land management change were made from extrapolation of current trends and 
plans/policies outlined in government documents (for example the Indian Government’s ‘Vision 
2020’ document) and from projections of change in cropped area and crop production given by 
the FAO (FAO 2002).  
 
GEFSOC system model runs were carried out from 7000 years before current land use to 2030 
and output taken for the years 1990, 2000 and 2030, giving an estimated current SOC stock for 
the year 2000 and projected SOC stock for 2030. 
 
Further details of Stages 4 and 5 are given in Section 4.4. 
 
STAGE 6. Climate change scenarios 
Time available after the development of the system did not allow model runs using changed 
climate scenarios. However, climate change scenarios were devised for the four case study areas 
according to the method below and the system will run using these in the near future. 
 
PV-WAVE routines were written by the Hadley Centre to extract and format Global Circulation 
Model (GCM) outputs in order to provide climate change scenario data in GEFSOC model format 
for each GEFSOC case study country. GCM outputs were taken from runs of the Hadley Centre 
Third Generation GCM, HadCM3, using emissions scenarios from the Intergovernmental Panel 
for Climate Change Special Report on Emissions Scenarios (IPCC-SRES), namely A1B and B1A, 
which represent high emissions and low emissions (and hence low and high climate change) 
respectively. As required by the GEFSOC project, the variables provided were monthly averages 
of maximum and minimum temperature, and precipitation. The time period chosen for the data 
sets was 2020s, which is an average over the 2010-2039 period. The routines extracted subsets 
of the global fields for each geographic area of interest and formatted the output data in ASCII 
text format for easy import into GIS or database systems. Data files were prepared for Jordan, 
Kenya and India based on the GCM grid, further work is needed to match data for these countries 
to the local polygons in the GEFSOC database.  For the Brazilian case study, further PV-WAVE 
routines were written to link the GCM output files to the GEFSOC polygons for Brazil and thus the 
climate scenarios could be used directly for climate change studies. 
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4.2. SOTER Methods  
  
 
4.2.1. Introduction 
 
The standard, GIS-based approach to regional analysis is to prepare geographic layers for which 
unique sets of driving variables are derived, including land use, climate and soils (Paustian et al., 
1997; Falloon et al., 2002; Batjes, 2004a). These GIS layers, with their associated attribute data, 
can then be fed into a range of models. 
 
Common methodologies for collating and formatting regional data sets on land use, climate, and 
soils were adopted for the GEFSOC project. This permitted development of a uniform protocol for 
handling the various input for the GEFSOC Soil Carbon Modelling System (Easter et al., 2005).  
 
This chapter focuses on the collation, screening, consolidation, and application of national-scale 
soil data sets using so-called “SOTER methods.” It also indicates how the work described here 
helped to fulfil the project’s research objectives. 
 
 
4.2.2. Compilation of Primary SOTER Databases 
 
SOTER Methodology 
The GEFSOC project opted for the internationally endorsed SOTER methodology for compiling 
primary data on soil and terrain conditions. The SOTER approach has been developed by ISRIC, 
FAO and UNEP, under the aegis of the International Union of Soil Sciences (IUSS), in the context 
of the ongoing update of information on world soil resources (Oldeman et al., 1993). Ultimately, 
SOTER at a scale of 1:5M is to supersede the Soil Map of the World (FAO-Unesco, 1971-1981; 
FAO, 1995). 
 
In many aspects, the SOTER methodology resembles physiographic or land systems mapping. It 
allows mapping and characterization of areas of land with a distinctive, often repetitive, pattern of 
landform, lithology, surface form, slope, parent material, and soils. The SOTER approach 
involves no new ground surveys, being based upon available data (van Engelen et al., 1995).  
 
Each SOTER database is comprised of two main elements, a geographic component and an 
attribute data component. The geographic database holds information on the location, extent, and 
topology of each SOTER unit – this information is managed using a geographic information 
system (GIS). The attribute database describes the characteristics of the spatial unit and 
comprises both area data and point data – this information is handled using a relational database 
management system (RDBMS).  
 
Each soil component within a SOTER unit is characterized by a typical profile (Figure 4.2.), 
identified as being regionally representative by national soil experts. Being derived from available 
soil survey reports, complete and uniform sets of soil analytical data were seldom available for all 
profiles. Such data gaps preclude the direct use of primary SOTER databases in environmental 
assessments and modelling. These were therefore filled using a system of taxotransfer and 
expert rules (Section 4.2.3). 
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Figure 4.2. Schematic representation of a SOTER map unit with its 
        geographical and attribute data. 
 
 
Data compilation 
The scale at which data were compiled for the national scale SOTER databases was generally 
determined by the wishes of the host countries. Consequently, the SOTER databases considered 
in the GEFSOC project have different scales. These range from 1:500 000 in the case of Jordan 
to 1:5M for Amazon-Brazil. The level of detail, both in terms of soil geographical and attribute 
data presented, can also vary depending on the base materials available in the four countries.  
 
While Jordan, Kenya and Brazil already had a national scale SOTER database (KSS, 1995; 
ACSAD, 1996; NSMLUP, 1996; FAO et al., 1998), this was not yet the case for the Indo-Gangetic 
Plains (IGP) of India. Following a SOTER training in Nagpur, staff at NBSS&LUP/ICAR compiled 
a SOTER compatible data set for IGP-India (Bhattacharyya et al., 2004). All these primary 
SOTER materials were screened, consolidated, and re-formatted during the GEFSOC project 
(Section 4.2.3).  
 
At the request of the GEFSOC consortium, a small SOTER sample database was also compiled 
to accompany the user instructions for the GEFSOC Soil Carbon Modelling System (Easter et al., 
2005). 
 
 
4.2.3. Preparation of Secondary SOTER Data Sets 
 
Procedure 
Data collated in primary SOTER attribute tables can be linked to GIS, permitting a wide range of 
assessments ranging from land evaluation to soil carbon sequestration. In previous studies, 
however, gaps in the primary data had to be filled using tailor-made solutions. Therefore, a 
consistent procedure for filling gaps in the existing primary SOTER databases was developed 
during the GEFSOC project, resulting in new, so-called, secondary data sets. Prior to applying 
this procedure, however, all existing primary data sets were screened for possible inconsistencies 
and re-formatted where necessary. 
 
Special attention was paid to the inputs required for the spatial runs of the two organic carbon 
models considered in the GEFSOC Modelling System — RothC and Century. These include: 
location and relative extent of soil type, soil drainage status (i.e. hydricity), content of clay, sand 
and silt, content of organic carbon, and bulk density per depth layer (Paustian et al., 1997; 
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Falloon et al., 1998). This limited set has been expanded to include 18 soil parameters commonly 
required in studies of agro-ecological zoning, food productivity, soil gaseous emissions/sinks, and 
environmental change to permit a wide range of applications of the secondary SOTER data sets.  
 
The gap-filling procedure involves three stages (Batjes, 2003), the desirability of which decreases 
from 1 to lowest 3: 
- Stage 1: Collating additional soil geographic and attribute data where these exist, in the 
uniform SOTER format 
- Stage 2: Using expert estimates and common sense to fill selected gaps in the measured data 
in a secondary data set 
- Stage 3: Using taxotransfer rules (TTR) to derive soil parameter estimates for similar FAO soil 
units, clustered by textural class and depth range, complemented with a system of expert rules.  
 
By their nature, stages 1 and 2 were the primary responsibility of the case study partners, while 
ISRIC’s work focussed on methodology development (3) and the elaboration of the secondary 
SOTER data sets. The most appropriate option(s) varied from country to country, depending 
largely on the overall accessibility to and quality of the available soil data (Table 4.2.). In the case 
of Brazil, for example, there was no direct need to collate additional soil profile data in SOTER 
format during stage 1 (see Batjes et al., 2004b). Alternatively, the opposite was true for Jordan 
but no new profiles could be accessed/supplied by the case study partners. In the case of Kenya, 
however, some 50 new profiles from so far underrepresented regions were supplied by Kenya 
Soil Survey for further processing by ISRIC. Similarly, a completely new data set was submitted 
for IGP-India (Bhattacharyya et al., 2004). Thereafter, during stage 2, a number of synthetic and 
virtual soil profiles had to be created for Jordan (9) and Kenya (47), while this was not necessary 
for the Brazilian and Indian data sets. Finally (stage 3), the scheme of taxotransfer- and expert-
rules was applied to all databases resulting in four new, consistent, secondary SOTER data sets.  
 
 
Table 4.2. Overview of data consolidation procedures used in the case study areas. 
 
Case study area Stage 
Amazon- 
Brazil 
IGP-
India 
Jordan Kenya 
1 - Xa - X 
2 - - X X 
3 X X X X 
a The underlying soil data were collated specifically for the GEFSOC 
project (Bhattacharyya et al., 2004); see text for details. 
 
 
The status of the data sets, screened and consolidated at ISRIC during the GEFSOC project, is 
summarized in Table 4.3. Country-specific details may be found in the reports for Jordan (Batjes 
et al., 2003), Kenya (Batjes et al., 2004a), Brazil (Batjes et al., 2004b), and Indo-Gangetic Plains 
of India (Batjes et al., 2004c).  
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Table 4.3. Main characteristics of SOTER databases consolidated for the GEFSOC project. 
 
Number of Case 
study 
Area 
Scale Area 
(x1000 
km2) Polygons Unique 
SUIDs 
SCIDs per 
SUIDa 
Profiles 
Profile 
Density 
(per 103 
km2) 
Brazil-
Amazon 1:5M 5100 571 299 1-5 331 0.06 
Kenya 1:1M 583 3261 397 1-4 495b 0.8 
IGP-
India 1:1M 480 497 36 1 36 0.08 
Jordan 1:0.5M 89 47 27 1-4 48b 0.5 
a SUID= SOTER unit; SCID= Soil component (see Figure 4.2.). b Includes a 
number of synthetic and virtual profiles as detailed in the country reports. 
 
 
Development of taxotransfer rules 
Gaps in the measured data were filled using taxotransfer rules. A taxotransfer function is a means 
of estimating soil parameters based on modal soil characteristics of soil units from a combination 
of their classification name ― which by definition implies a certain range for various soil attributes 
―, expert knowledge and empirical rules, and statistical analysis of a large number of soil profiles 
belonging to the same taxon (Batjes et al., 1997). The elaboration of taxotransfer rules thus 
requires the availability of large, auxiliary soil profile databases, such as WISE (Batjes et al., 
1994).  
 
The current work expanded on ISRIC’s taxotransfer-related work with FAO and IIASA (Batjes et 
al., 1997) and a follow up study for IFPRI (Batjes, 2002), which focussed on applications of the 
1:5M Soil Map of the World (FAO, 1995). During the GEFSOC project, an updated taxotransfer 
approach was developed for use with primary SOTER databases. It considers the Revised FAO 
Legend (FAO, 1988) — in accordance with SOTER requirements valid at the start of the 
GEFSOC project — and uses a more detailed procedure for aggregating the soil profile data. 
Data for a given soil unit were clustered according to five textural classes and five depth ranges 
(0-20, 20-40, 40-60, 60-80 and 80-100 cm). Alternatively, only two depth classes (0-30 and 30-
100 cm) and 3 topsoil textural classes were used in the preceding TTR-work for applications with 
the Soil Map of the World, which considered the original Legend (FAO-Unesco, 1974). 
  
All taxotransfer- and expert-rules have been flagged in the secondary databases, to provide an 
indication of the inferred, confidence in the soil parameter estimates presented for the four case 
study areas (see Batjes et al., 2003; Batjes et al., 2004b; Batjes et al., 2004c; Batjes et al., 
2004a). 
 
 
Linkage to GIS 
The soil parameter estimates generated for the constituent soil components of a given SOTER 
unit, as characterized by the typical profiles (see Fig. 4.2.1), were linked to the national scale 
SOTER GIS-files using the unique SOTER unit identifiers. These files provided consistent, geo-
referenced soil data sets for the subsequent assessment of soil carbon stocks and changes at 
national scale, using empirical SOTER-methods (see Section 4.2.4) and the dynamic GEFSOC 
Soil Carbon Modelling System© (see Chapters 5-8).  
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4.2.4. Application of Secondary SOTER Sets 
 
Stage 3 of the GEFSOC project (Figure 4.1.) included a comparison of estimates of national SOC 
stocks, for “current” conditions, computed with the GEFSOC Soil Carbon Modelling System with 
independent estimates obtained using so-called “existing techniques.” The latter generally involve 
combining soil mapping units and soil point data. 
 
Whereas estimates of regional scale SOC stocks were already available for Amazon-Brazil 
(Chapter 5) and IGP-India (Chapter 6), this was not so for Kenya and Jordan. Therefore, new 
SOTER-methods were developed to compute national-scale SOC stocks using data held in the 
secondary SOTER databases. 
  
The data set for Kenya was used for methodology development. Four different methods were 
compared (Batjes, 2004b): 
(a) the carbon content to 0-30 cm and 0-100 cm computed for each representative profile, which 
was then linked to the spatial information held on the GIS map annexe database  
(b) as above, but using the average content of carbon computed per FAO soil unit  
(c) as above, but using the median carbon content 
(d) through simulation of phenoforms, using the typical profile as the genoform (Droogers et al., 
1997; Bouma et al., 1998). 
 
Method d was found to be the most useful, because it allows defining 95% confidence intervals 
for median soil carbon stocks at national scale, as opposed to the single estimates obtained with 
methods a, b and c. So it was recommended for use with secondary SOTER data sets (Table 
4.4.). In the case of Amazon-Brazil, similar gross results were obtained by other researchers 
using different methods – this despite the different spatial patterns mapped by these methods –, 
providing a ‘validation’ of method d (Batjes, 2005b).  
 
 
Table 4.4. Stocks of organic carbon estimated using SOTER-methods. 
 
Study area Area 
(x1000 km2) 
Depth 
(cm) 
Organic carbon 
(Tg C) a 
Amazon-Brazil 5100 0–30 23943 – 24151 
  0–100 42343 – 43814 
    
IGP-India 480 0–30 572 – 587 
  0–100 1163 – 1184 
    
Jordan 89 0–30 76 – 78 
  0–100 136 – 139 
    
Kenya 582 0–30 1892 – 1911 
  0-100 3669 – 3715 
a Data shown are 95% confidence intervals for the median, using simulation of  
phenoforms. For methodological details see Batjes (2004b). 1 Tg C = 10 12 g C. 
 
 
Complementary to the direct goals of the GEFSOC project (Chapter 1), the secondary SOTER 
data sets for Kenya and Jordan, in combination with auxiliary data sets on climate and land cover, 
were also used to: (1) calculate the stocks of organic (SOC) and inorganic (SIC) or carbonate 
carbon per agro-ecological region, and (2) to project changes in soil organic carbon stocks ― for 
defined changes in land use and management ―, using an empirical approach that included a 
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physical land evaluation (Batjes, 2004b; Batjes, 2005a). Similar to Global Agro-Ecological Zoning 
(Fischer et al., 2002) procedures, physical land evaluation (FAO, 1976) allows the user to filter-
out areas considered biophysically unsuited for the proposed land use/management types 
(scenarios). Such criteria should be included in future versions of the GEFSOC Soil Carbon 
Modelling System.  
 
A spin-off of the taxotransfer-related work has been the creation of a 5 x 5 arcminutes 
Harmonized Global Harmonized Soil Resources Database, using all continental scale SOTER 
data sets compiled to date (Van Engelen et al., 2005).  
 
  
4.2.5. Conclusions 
 
The secondary SOTER data sets for Brazil, IGP-India, Jordan, and Kenya are appropriate for a 
wide range of environmental applications at national scale. These include agro-ecological zoning, 
land evaluation, modelling of soil carbon stocks and changes, and studies of soil vulnerability to 
pollution.  
 
Linkage between the geographic component and soil attribute data in SOTER required 
generalisation of measured profile data. This involved transformation of variables that show a 
marked spatial and temporal variation and that have been determined in a range of laboratories 
using various analytical methods, and over a number of years.  
 
A uniform procedure was developed to fill gaps in measured (primary) data, resulting in 
consistent secondary soil data sets for the four case study countries. These new data sets 
provided the soil parameters estimates and soil geographic input for the dynamic modelling 
phase of the GEFSOC project (Chapters 5 to 8).  
 
Although based on the best available soil geographic and attribute data, as well as an elaborate 
scheme of taxotransfer- and expert-rules, various sources of uncertainty will remain in the 
secondary SOTER sets. When applying these data in modelling studies at national scale, these 
sources of uncertainty must be understood and accepted. Similarly, various types of uncertainty 
will be attached to the models themselves (Burrough, 1986; Goodchild, 1994; Bouwman et al., 
1999; Raupach et al., 2005). 
 
Ideally, the national soil survey organizations should continually update and expand their national 
soil information systems, thus allowing periodic updates of the existing primary SOTER 
databases. Unfortunately, however, systematic soil surveys have been abandoned in many 
countries. Contrary to what has been the case so far, the delineation of SOTER units can now be 
standardized and refined using Digital Elevation Models (Dobos et al., 2002; King et al., 2002). 
Once such revisions have been carried out, new secondary data sets can easily be generated for 
the regions under consideration using the SOTER-methods described here. 
 
Summarizing, the work described here contributed to delivering the soil-related outputs listed 
under GEFSOC Research Objectives 2 and 3 (see Project Outcomes 1 and 2). Besides being 
suited for modelling soil organic carbon stocks and changes at national- and sub-national scale 
(see Chapters 5-8), the secondary SOTER data sets can be used for a wide range of other 
natural resource assessments at national scale. All secondary SOTER data sets produced during 
the project will be made available in the public domain, thereby ensuring their free-access to a 
wide range of potential users. Finally, the present SOTER-methods can be used for other regions 
of the globe as new primary SOTER data sets become available. 
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4.3. Database GIS Linkage 
 
4.3.1. The GEFSOC Modelling System 
 
In keeping with the goals of this project, a comprehensive modelling system was developed that 
integrates GIS-based input data sets with software written to utilize these data to drive the soil 
carbon models and estimation methods. The complete modelling system, hardware descriptions, 
software documentation and example data sets are available for free download via 
http://www.nrel.colostate.edu/projects/gefsoc-uk. 
 
4.3.2. A Method-based Approach 
The GEFSOC Modelling System takes a method-based approach based upon the data available 
in the case-study countries. In contrast to a theory-based approach, this approach strictly defines 
a modelling method and set of input structures in order to build a soil carbon inventory. The 
System was developed based upon available existing data, with the expectation that similar types 
of data would either be available in other countries or the information necessary to drive the 
system could be readily obtained or developed for other countries.  The data fall into five classes:  
a) land use and land management; b) climate; c) soils; d) potential natural vegetation and e) 
geographic location.  These are described in the sections that follow. The five data classes were 
used to develop a unique separate data class of model input drivers that consisted of spatial 
combinations of the five classes.  Each unique combination of land management, climate, soils, 
potential natural vegetation and geographic location in the input dataset represents a single 
model run and a single record in the output dataset (Figure 4.3.). 
 
 
 
Figure 4.3. Representation of the way in which data classes are combined to produce the unique 
intersection of their spatial units, to generate the input data sets required for the GEFSOC 
Modelling System. 
NB. Each unique 
intersection of 
polygons (or grid 
points, if a grid-
based approach is 
used), represents 
one model run and 
one record in the 
output dataset, with 
corresponding 
representative land 
area. 
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Users of the GEFSOC Modelling System followed two basic approaches in formatting their GIS 
data:  the first using grid-based data sets and the second using polygon-based data sets.  Both 
have advantages and disadvantages, as described below. 
 
Grid-based Data Sets 
Grid-based data sets, especially those for land use, have the advantage of being spatially explicit.  
This can help in predicting land use change and providing spatial resolution in interpreting 
modelling results.  There were several grid-based climate and land use data sets available for 
much of the world at the time of writing this report (FAOSTAT, FAO AQUASTST, FAO GTOS, 
FAO TERRASTAT). These were at scales ranging from ½ degree to 1 degree or 10 km to 100 km 
grids. This presented obvious advantages for the four case–studies considered here, as it is often 
preferable to use existing data sets rather than generating new ones, provided existing data sets 
are in the correct format, geographic resolution and are sufficiently accurate.  In the case of the 
Brazilian Amazon case study, scientists used existing grid-based climate data to build climate 
data sets to drive the model runs. 
 
One of the main advantages of using grid-based data sets is in output visualisation and analysis. 
Hence, for grid-based data sets to be truly advantageous to this modelling system, they must be 
available for all of the data classes required to drive the model so that spatially-explicit maps and 
interpretive algorithms may be applied. For example, if a user has grid-based data for climate and 
soils but only has land use information on a polygon basis, or conversely has climate and land 
use data in a grid based format and soils data on a polygon basis, the advantages of using a grid-
based format to drive the model runs may be lost. 
 
Polygon-based Data Sets 
The case study scientists used a polygon-based approach with supplemental grid-based data to 
build their input data sets. Base land use polygons were defined by using the fundamental 
mapping unit for which land use information was available. For example, in Brazil, non-spatial 
land use data were recorded by Municipio (the basic political unit within the state, analogous to 
counties in the U.S. or U.K.).  In India, land use data were collected by Agro-Ecological Sub-
regions. In Jordan, land use data were collated by District and in Kenya, by Agro-ecological zone. 
 
 
4.3.3. An Example Region for The GEFSOC Modelling System 
 
To illustrate the principals behind using input data sets to drive the GEFSOC Modelling System, 
an example dataset was developed for the Northern Great Plains of North America (Figure 4.4.). 
 
Land Use and Land Management 
The Century and RothC models and the IPCC Method are primarily driven by land use, but in 
different ways. Century is a general ecosystem model that requires specific information on 
monthly time steps on land management activities such as planting, tilling, fertilizing and 
harvesting crops, grazing forage and cutting or thinning forests. The RothC model requires 
monthly information on carbon inputs and tillage and the IPCC method requires generalized land 
management information according to specific land use and land management classes (Penman 
2003). Within this modelling system, carbon inputs and tillage data simulated by the Century 
model are used to drive the RothC model.  Land use management is classified according to IPCC 
guidelines and these classifications are used to drive the IPCC method. 
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Figure 4.4. Region of The U.S.A. used to demonstrate the GEFSOC soil carbon modelling 
system. 
 
 
Land use and land management data fall into several general classes:   
 
- Long-term historic land use prior to circa 1960-1980, preferably going back at 
least 100 years. 
 
- Current land use class as defined for the IPCC method, including practices such 
as shifting agriculture, long-term tillage agriculture and long-term set-aside. 
 
- Land use rotations for the recent period (~1960 to ~1980) with information on 
crop types, irrigation practices, monthly applications of fertilizer type and quantity 
and tillage type and intensity. 
 
- Land use rotations for the current period (~1990 to present) with information on 
crop types, irrigation practices, monthly applications of fertilizer type and quantity, 
and tillage type and intensity. 
 
- Predicted land use (present time to ~2030), with predictions on crop types, 
irrigation practices, monthly applications of fertilizer (type and quantity) and 
tillage type and intensity. 
 
These data were entered into the system via the modelling system graphical user interface and 
used to generate the input data sets necessary to drive the modelling system. 
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Figure 4.5. Land management regions used for the GEFSOC example dataset.   
 
NB The Northern Rocky Mountain Foothills region is managed for grazing and timber harvesting and the Brown Glaciated 
Plain is managed for annual grains, forage crops, and grazing. 
 
Climate 
The Century and RothC models and the IPCC Method all require basic information on  climate in 
the region to be modelled. Mean monthly precipitation (cm), maximum temperature (ºC), and 
minimum temperature (ºC) are required for the Century and RothC models and IPCC climate 
classes must be determined according to the IPCC good practice guidelines (Penman et. al 
2003). Polygons must be built within a GIS that classifies climate according to similarity in 
precipitation and temperature. In general, we recommend that users construct their climate 
polygons to be identical to their base land-use polygons. This reduces complexity of the model 
runs, using point-source data (actual data from weather stations) in combination with spatial 
statistics, or from grid-based climate data such as the U.S. PRISM dataset (Oregon Climate 
Services, 2005) or other similar international data sets (Kittel et al. 2003). Where there is 
significant climate variability within the polygons (as described in the following section), climate 
polygons should be split (Figure 4.6.). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. Climate data for the GEFSOC example dataset. 
 
NB Note that the region of the Brown Glaciated Plain has been split into two climate regions, primarily due to
variations in temperature within the polygon.  The IPCC classification for all three of these regions is “cool
temperate, dry”.
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Soils 
The SOTER database provides information on soil texture, drainage class, and bulk density for 
up to ten soil sub-classes in each SOTER unit.  Within the SOTER database, the sub-classes are 
listed with their relative proportional areas within each SOTER unit. Surface texture, drainage 
classification and bulk density for various soil depths for the sub-classes are relationally linked to 
the information on SOTER units. Figure 4.7. shows soils information for the example dataset. 
 
 
 
Figure 4.7. Soils from the SOTER database for the GEFSOC example dataset. 
 
 
Native Vegetation 
A GIS coverage of historic native vegetation (NV) (also referred to as potential natural vegetation 
- PNV) is necessary for the GEFSOC Modelling System. Equilibrium crops, rotations and histories 
must be constructed within the modelling system to correspond to the vegetation types defined in 
the coverage. The NV data are used to run the models to equilibrium conditions prior to 
introducing land use change (Figure 4.8.).  
 
 
 
 
Figure 4.8. Potential natural vegetation for the GEFSOC example region. 
 
 
NB Mixed grass prairie is
modelled as a grassland
ecosystem with a
combination of 75% cool
season and 25% warm
season grasses, with
periodic low-intensity
grazing and a seven-year
fire return interval.  The
Pine Forest is modelled
as a Savannah consisting
of a dry temperate
coniferous forest type
ecosystem with the above
combination of C3 and C4
grasses and a 30 year fire
return interval. 
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Geographic Location 
Latitude and Longitude data are used by the Century model. The latitude and longitude of the 
centroid of each base land use polygon were calculated within the GIS and attached to GIS 
coverage so that latitude and longitude information could be provided as input to the model runs 
(Figure 4.9.). 
 
 
 
Figure.4.9.  Base land use polygon coverage, containing latitude and longitude information for 
the centroid of each separate polygon. 
 
 
4.4 Regional Modelling Methods 
 
As described in Section 4.3., a polygon-based approach was used to build input data sets. 
 
Models and Methods Used 
The Century and RothC models and the IPCC Method were used to estimate soil carbon stocks 
and change rates.  Each requires information on climate, land use, soil type, and carbon inputs in 
varying levels of detail.  Century is a general ecosystem model that requires specific information 
at monthly time steps on maximum and minimum temperatures, precipitation and land 
management activities such as planting, tilling, fertilizing, and harvesting crops, grazing forage, 
fires and cutting or thinning forests (Parton et. al 1988; Metherell et. al 1993).  The RothC model 
requires monthly information on maximum and minimum temperatures, precipitation, potential 
open pan evaporation, as well as monthly crop carbon inputs, supplemental organic matter 
additions and information as to whether or not a crop or tree is actively growing in each month 
(Jenkinson 1990; Coleman and Jenkinson 1999).  The IPCC method requires generalized land 
management information according to specific land use and land management classes (Ibid 
2003).  Within the GEFSOC Modelling System, carbon inputs and tillage data simulated by the 
Century model are used to drive the RothC model.  Land use management is classified according 
to IPCC guidelines and these classifications are used to drive the IPCC method. 
 
For specific details on the two models and the IPCC method, we refer you to the published 
literature on each as cited previously. 
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4.5. Scenario Development 
 
The GEFSOC project aimed to determine current SOC stocks, the SOC stocks for a 30-year 
period in the future and associated SOC change rates based on probable land use scenarios for 
each of the case study areas.  
 
Land use history is a major determinant of SOC stocks and land use change can have far 
reaching effects on SOC, which can continue to manifest themselves decades or even centuries 
after a land use change event. In order to estimate current SOC stocks, or to predict future 
changes in SOC stocks, it is, therefore necessary to know or to surmise land use history. 
According to Gutman et al. (2005), in order to accurately estimate SOC stocks using the 
CENTURY model, land use patterns must be known or surmised for at least the 100 years 
preceding the year you are concerned with or for the preceding years that followed the beginning 
of intensive agrarian land use, whichever comes later (Gutman et al. 2005).   
 
For modelling purposes and to allow comparability between case studies, land use patterns can 
be broken down into a minimum of five time periods:   
• Equilibrium period:  Native vegetation must be simulated for a period of 
approximately 7000 years to “spin up” the modelled soil carbon values to a 
dynamic equilibrium.   
• Base (historical) land use: Roughly corresponds to either the start of major land 
use change or 100 years in the past and running up to approximately the start of 
the green revolution (~1960-1980) 
• Recent land use:  Roughly corresponding to the start of the green revolution, 
leading up to the start of high fertilizer applications and/or organic matter 
additions, and the use of highly productive crop varieties under modern 
management. 
• Current land use:  Roughly corresponding to the past ten to fifteen years. 
• Future land use:  Scenario predictions extending ten to thirty years into the 
future, or even longer if desired. 
 
These periods are designed to capture periods of common uses of farming equipment, crop 
varieties and fertilizer amounts and methods.   
 
Land management units had to be determined for each case study area. These varied depending 
on available data and the size of the area being modelled. For example in Brazil, counties or 
‘Municipios’ were used, in Kenya, agro-climatic zones were used, in India agro-ecological sub-
regions were used and in Jordan climatic zones were used. Land use and land management 
information (such as crop type and crop rotation, fertilization amounts, and tillage intensity) were 
then assembled into sequences of change over the time (based on the time periods given above) 
for each land management unit. The proportion of a unit that changed land use/management over 
time was determined using expert knowledge and data obtained from the land use statistical 
reports and other data collated during Stage 2. This method does not provide any information 
about the location of land use change within the unit over time, only the proportion of a given unit 
that changes land use. For example a unit may start off as 100% forest, then go to 50% forest 
50% pasture, then of the 50% pasture half of this becomes degraded pasture, etc. Figure 4.10 
illustrates this diagrammatically. 
 
These sequences or chains were then extended into the future using projected changes in land 
use. Projections were determined for each case study area by analysing current and historical 
trends in land use change, plans/policies outlined in government documents, and by using the 
FAO projections of how cropped area and cropping intensity may change in the future (FAO 
2002). The land management diagrams could then be extended for each land use unit based on 
projected future changes. For example, in the case of the Indian IGP, for Agro-ecological sub-
region 15.1 a diversification of crops and an increase in the number of crops grown in a year is 
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predicted by both the FAO and the Government of India’s Vision 2020 report. Therefore, in the 
future scenario, areas dominated by a rice-rice or a rice-wheat system are split into different 
systems such as rice-potato-rice, rice-mustard-rice in addition to rice-wheat and rice-rice (See 
section 6.4 for specific details of the Indian IGP). 
 
Figure 4.10. gives a simplified example of a land use/management sequence diagram. Each 
chain in the diagram represents a single run in The GEFSOC Modelling System, culminating in 
SOC stocks and change rates for a given area under a given sequence of land uses over time. 
The numbers associated with the arrows in the diagram represent the relative proportions of land 
area that transition from one land use into another. Each management sequence diagram 
represents a given land area and each sequence of land uses (“chains”) represents a land use 
trajectory that is weighted according to the product of the weights associated with each transition 
in the sequence.  The sum of the products of all of the chains equals 1, indicating that 100% of 
the area is represented by the final set of land uses. 
 
Areas of common land use history can be represented by a single management sequence 
diagram such as in Figure 4.10. This could be a single polygon (a political region such as a 
county, municipality, or state) or an ecological boundary (agro-ecological zone, watershed, etc.).  
If a grid-based system is being used to evaluate land use change, then a management sequence 
diagram can be used to represent a class of grid cells having a common land use history. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. Simplified version of a land use/management sequence diagram used to express 
land use change in a given Unit in The GEFSOC project. 
 
 
Label1  FR
RW
FR 
FR
RWRMR RPR
FR RMR RW RPR
Weighting  
Factor 
BASE 
1890-1950 
RECENT 
1951-1989 
CURRENT 
1990-2004 
FUTURE 
2005-2030 
FR
0.5 0.5
1.0 
1.0 1.0 1.0 0.6 0.4
0.3
0.2
0.5
0.5 0.15 0.1 0.15 0.1
KEY: FR = Forest, RW = Rice Wheat, RR = Rice Rice, RMR = Rice Mu stard 
Rice, RPR = Rice Potato Rice 
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5. THE BRAZILIAN AMAZON CASE STUDY REPORT 
 
5.1. Background  
 
Land use change usually alters land cover and the terrestrial change in carbon stocks (Bolin and 
Sukumar, 2000). The change from one ecosystem to another can occur naturally or through 
human activity. Anthropogenic changes are prominent in tropical rain forest, which is a diverse 
and complex ecosystem occupying approximately 17 percent of the world’s land area and is a 
habitat for about 40 to 50% of the earth’s species (Meyers, 1981).  
 
Tropical Rain Forests represent significant sources/sinks of trace gases, and the exchange of 
CO2 between forest and the atmosphere is an important component of the global carbon cycle. 
The economic damage through global warming from tropical deforestation alone is estimated at 
$1.4-10.3 billion per year (Pearce and Brown, 1994). Fearnside (1996) estimated the economic 
damage by global warming in the Amazon region at approximately $1,200 - $ 8,600 ha-1.   
 
Despite the small percentage (~14%) of cleared forest in the Amazon, the total deforested area is 
larger than France or the state of Texas, USA. In addition to its sheer expanse, this eco-region 
also presents adequate climate conditions for plant growth, expressed by high temperatures 
throughout the year and well-distributed precipitation. Therefore, the Amazonian tropical 
rainforest has, in principle, great potential for soil carbon sequestration, despite poor to moderate 
soil fertility.    
 
The Amazonian Tropical Rain Forest (Figure 5.1) is the world’s largest region of continuous intact 
tropical forest. The total area of lowland, humid Amazon forest was 710 Mha in 1990 (Phillips et 
al., 1998), 500 Mha of which was closed canopy forest (Houghton, 1997).  
 
The Amazon Basin covers an area of approximately 700 Mha (Pires and Prance, 1986) and 
occupies large portions of the national territories of Venezuela, Colombia, Peru, Guyanas, Bolivia, 
Ecuador and Brazil (Figure 5.1). The basin is limited in the west by the Andean Mountains, in 
north by the crystalline mass of Guyana and the savannas of Colombia and Venezuela, in the 
south by the plateau of Mato Grosso, and in the east by the Atlantic Ocean. The length of the 
Basin is more than 3000 km from west to east, and its width ranges from 300 km in the west, to 
800 km in the east. Its central part is almost entirely located within the Brazilian territory, and 
forms the Brazilian Amazon area (Figure 1).  The latter was developed mainly on sediments from 
the Pleistocene (Prance and Lovejoy, 1984). On the whole, the Amazon has a hot and humid 
climate, characterized by small variations in the diurnal and monthly temperatures. However, 
because of its vast size and geomorphological heterogeneity, this region represents a wide range 
of local climates, with different annual rainfall distribution and often different temperature 
extremes (Marengo and Nobre, 2001; Sombroek, 2001). 
 
This region has the highest rate of deforestation in the world (Skole and Tucker, 1993). 
Deforestation has been higher in Latin America than in Asia or Africa not only in terms of area 
(4.3 Mha year-1) but also in percentage of forest cleared (0.64% year-1) (Anderson, 1990). Of the 
Latin American forests that remained in 1850, 370 Mha, (28%) had been cleared by 1985, of this 
cleared area, 44% was converted to pasture, 25% to cropland, 20% had become degraded, and 
10% had been changed to shifting cultivation (Houghton, 1991). 
 
In the Brazilian Amazon, estimated deforestation rates range from 1.1 to 2.9 Mha yr-1. The total 
area cleared has reached approximately 55 Mha, which is about 14% of the total area of The 
Brazilian Amazon (INPE, 2004). Laurance et al. (2001 a, b) suggested several reasons for this 
rapid rate of deforestation. First, non-indigenous populations in the Brazilian Amazon have 
increased tenfold since the 1960s, from about 2 to 20 million people, as a result of immigration 
from other areas of Brazil and high rates of intrinsic growth. Second, industrial logging and mining 
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are growing dramatically in importance and road networks are expanding, increasing access to 
forests for ranchers and colonists. Third, the spatial patterns of forest loss are changing; past 
deforestation has been concentrated along the densely populated eastern and southern margins 
of the basin, but new highways, roads, logging projects, and colonization are now penetrating 
deep into the heart of the area. Finally, human-ignited fires are becoming an increasingly 
important cause of forest loss, especially in logged or fragmented areas (Laurance et al., 2001a). 
 
 
Figure 5.1. The Amazonian Tropical Rain Forest and the Brazilian Amazon. 
 
Despite the expanse of the deforested area, the Brazilian Amazon still accounts for approximately 
40% of the world's remaining tropical rainforest (see native vegetation types in Figure 5.2) and 
plays a vital role in maintaining biodiversity, regional hydrology and climate, and terrestrial carbon 
storage (Laurance et al., 2001a). The forest accounts for ~ 10 % of the world's terrestrial primary 
productivity and for a similar percentage of the carbon stored in land ecosystems (Keller et al., 
1997). Cattle pastures dominate this once-forested land in most of the basin (Pires and Prance, 
1986; Skole and Tucker, 1993; Fearnside and Barbosa, 1998; Dias-Filho et al., 2001).  
  
Brazilian Amazon
-----  Amazonian Tropical
             Rain Forest  
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Jacomine and Camargo (1996) reported that two main soil divisions of the Brazilian soil 
classification, Latossolos (Oxisols or Ferralsols) and Podzólicos (mainly Ultisols or Alisols), cover 
nearly 75% of the Amazon Basin (Figure 5.3). The remaining area is comprised of 13 soil 
divisions, only two of which cover more than 5% of the Amazon: Plintossolos (Inceptisols, 
Oxisols, and Alfisols) and Gleissolos (Entisols and Inceptisols) representing 7.4% and 5.3%, 
respectively (Figure 5.4).   
 
 
 
 
 
 
Figure 5.2. Native vegetation types in the Brazilian Amazon (From Bernoux et al. (2002)). 
 
 
 
 
 
 
 
 
 
 
 
 
Scale 
1:5,000,000 
  28
 
Figure 5.3. Simplified soil map of the Brazilian Amazon. 
 
 
The Brazilian Latossolos (Oxisols in the US Soil Taxonomy) are old, deep, permeable and well-
drained soils. The clay mineral component is predominantly kaolinite, a low-activity clay, with 
varying amounts of iron and aluminum oxides (Cerri et al., 2000). Generally, the cation exchange 
capacity is only partially saturated with bases and the exchangeable Al3+ is relatively high (Lal, 
1987). The Podzólicos are mainly Ultisols of the US Soil Taxonomy. They also contain low-
activity clays and unsaturated cation exchange capacity. Eutrophic soils (Alfisols) are rare. 
Ultisols usually occupy younger geomorphic surfaces than Oxisols, with which they are often 
associated in the landscape. These are deep mineral soils with profiles often deeper than 2 m 
(Moraes et al., 1996). Moraes et. al (1995) estimated that approximately 47 Pg C are contained in 
the soils of the Brazilian Amazon to 1 m depth. Of this total, 21 Pg is contained in the top 20 cm, 
the depth at which changes in soil C stocks following land use change are generally most rapid. 
Cerri et al. (2000) estimated carbon stocks of 41 Pg C in 0-100 cm depth and 23.4 Pg C (i.e. 
57%of the total) in the 0-30 cm depth.  
 
Ecological characteristics of the Brazilian Amazon described by many researchers (McClain et 
al., 2001) report high plant biomass containing high concentration of nutrients (Bernoux et al., 
2001), rapid rates of nutrient recycling (Cuevas, 2001), high annual rainfall with little seasonal 
variation in temperature and humidity (Sombroek, 2001; Marengo and Nobre, 2001), and a 
relatively closed system for nutrient and water cycling (Melack and Forsberg, 2001).   
Oxisols 
Ultisols/Alfisols 
Others 
Scale 1:5,000,000 
  29
 
 
 
Figure 5.4. Relative distribution of main soil types in the Amazon. From Cerri et al. (2000). 
 
 
 
5.2. Data Availability/Acquisition at the Site and Regional Scale 
 
 
5.2.1. Site-specific Data Available for the Brazilian Amazon 
 
 
Data sets were identified and collated from 11 forest-to-pasture chronosequences within the 
Brazilian Amazon (Figure 5.5) that cover the main soil types and climatic conditions in the region 
(Table 1.).  
 
The chronosequences contain areas of forest (used as reference) and pasture areas established 
at different times (i.e. fields of differing ages since deforestation to pasture, that are otherwise 
similar with respect to soil type, topography, climate, etc.). For each chronosequence we 
organized data sets (example shown in Table 2.) containing time series of carbon measurements 
that should be sufficiently long to show some detectable changes in soil C. The data sets also 
provide information on soil texture (% clay, silt and sand), bulk density, pH, nitrogen content etc. 
for at least the first 30 cm of soil.  
 
 
 
 
 
 
 
 
 
Oxisols
Oxisols
Oxisols
Ultisols
Ultisols
Alfisols
Oxisols, Ultisols, Inceptisols
Various Aquic suborders
Entisols
Entisols, Mollisols
Spodosols
Oxisols, Ultisols
Soil type
% of total area
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Figure 5.5. Location of the 11 forest-to-pasture chronosequences in the Brazilian Amazon. 
 
 
 
Table 5.1. General site characteristics of the 11 chronosequences in the Brazilian Amazon. 
 
Chronosequence Grass (pasture) Land use/timing
site (state) Lat. S Long. W Temp Prec Type Texture (F = forest, P = pasture age)
Bosque (PA) 2º 48' 47º 20' 27.2 1750 Oxisol Very clayey B. briz, P. max, B. hum F, P4, P6, P10, P12, P15, P17
Água Parada (PA) 2º 48' 47º 20' 27.2 1750 Oxisol Very clayey B. briz, P. max, B. hum F, P3, P7, P27
Piquiá (PA) 3º 18' 47º 07' 27.2 1750 Oxisol Sandy B. briz, P. max F, P18, P23, P31
Entre Rios (PA) 3º 50' 47º 10' 27.9 2591 Ultisol Medium Panicum maximum F, P1, P2, P4, P6, P8, P9, P10
Sao Joao (PA) 2º 50' 47º 25' 27.2 1750 Oxisol Clayey Panicum maximum F, P6, P7, P8, P11
Teixeira (AM) 2o 30' 60o 01' 26.7 2075 Oxisol Very clayey B. humidicula F, P1, P2, P6, P7, P8
Nova Vida (RO) 10º 30' 62º 30' 24.4 2270 Ultisol Medium B. briz, P. max F, P2, P3, P4, P5, P6, P9, P10, 
P12, P13, P14, P16, P19, P20,
P27, P41, P42, P81, P82, P88
Benjamim (RO) 10º 44' 62º 13' 25.6 2200 Ultisol Medium/Clayey B. briz, P. max, B. decum F, P3, P8, P20
Lenk (RO) 10º 44' 62º 13' 25.6 2200 Oxisol Medium/Clayey B. briz, P. max F, P8, P20
Rancharia (MT) 18º 34' 55º 48' 25.0 1280 Ultisol Sandy B. decumbens F, P10, P20
Suia-Missu (MT) 12º 00' 51º 40' 22.1 1776 Oxisol Medium Panicum maximum F, P1, P2, P4, P5, P6, P8, P9, P11
Temp: mean annual air temperature (in oC)
Prec: mean annual precipitation (in mm)
B. briz: Brachiaria brizantha
B. hum: Brachiaria humidicula
B. decum: Brachiaria decumbens
P. max: Panicum maximum
Coordinates Weather Soil
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Data on soil properties, climate, vegetation and management from each of the 11 
chronosequences were standardized using adapted templates elaborated by the Soil Organic 
Matter Network/GCTE-SOMNET (Smith et al., 2001) to compile data from long-term experiments 
for use in modelling and analysis activities.   
 
 
Table 5.2. Example of data available for each chronosequence in the Brazilian Amazon  
(in this case for 12 year old pasture in the Fazenda Bosque chronosequence). 
 
 
 
 
 
5.2.2. Geographically Distributed Data Available for the Brazilian Amazon 
 
There are several sources of data from which the model inputs could have been compiled for the 
Brazilian Amazon. We selected “in-country” data, since these are likely to provide the most 
detailed and accurate sources of information.  
 
Climate 
We collated data available for some regions within the Brazilian Amazon from the national 
weather service records (CPTEC/INPE/MCT and INMET) and scientific projects such as 
ABRACOS and LBA (www.inpe.br). We identified and collated precipitation data from 
approximately 1,085 stations within the Brazilian Amazon (Figure 5.6).  
 
 
 
 
 
 
 
Layer Bulk density C N H+Al K Ca Mg CEC V
mg g soil-1
H2O KCl
cmolc kg-1 %
 0-10 1.04 ± 0.07 2.94 0.294 6.4 5.7 0.3 0.24 8.79 1.41 10.7 97
 10-20 1.16 ± 0.11 1.55 0.154 6.2 5.3 0.3 0.06 4.92 0.75 6.0 95
 20-30 1.14 ± 0.11 1.16 0.116 5.8 4.9 0.8 0.04 2.31 0.55 3.7 78
 30-40 1.31 ± 0.01 1.07 0.102 5.4 4.6 1.6 0.03 1.86 0.60 4.1 61
 40-50 1.24 ± 0.10 0.91 0.085 5.2 4.4 3.2 0.01 1.05 0.60 4.9 34
 50-60 1.26 ± 0.07 0.79 0.072 5.2 4.4 3.6 0.00 0.75 0.65 5.0 28
 60-70 0.73 0.066 5.2 4.4 2.8 0.00 1.15 0.75 4.7 41
 70-80 0.57 0.050 5.4 4.5 1.8 0.00 0.55 0.65 3.0 40
 80-90 1.01 ± 0.04 0.51 0.045 5.2 4.4 3.7 0.00 1.00 0.65 5.4 31
 90-100 1.15 ± 0.21 0.49 0.043 5.1 4.3 5.0 0.00 0.35 0.45 5.8 14
g cm-³ 
pH
CEC: Effective cation-exchange capacity
pH
1.21 ± 0.05
1.14 ± 0.10
V: Base saturation 
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Figure 5.6. Location of the pluviometric stations and number of stations in each state of 
the Brazilian Amazon. 
 
 
 
 
Records on monthly air temperature were obtained from the ‘Carbon in the Amazon River 
Experiment’ (CAMREX) project (Figure 5.7), The ABRACOS project and The National Institute of 
Meteorology (INMET). Over the last decade the objective of The CAMREX project has been to 
define by mass balances and direct measurements those processes that control the distribution 
of bioactive elements (C, N, P and O) in the mainstream of the Amazon River in Brazil. The 
period over which air temperature measurements were made varies, however the majority of the 
data are from 1958 to 1995. The data was organized by month, averaging information for the 
period 1960-1991. 
 
Native Vegetation 
Figure 5.2 shows the native vegetation map of the Brazilian Amazon at the scale 1:5,000,000. 
The original data set consisted of a digital version of the vegetation map of Brazil IBGE (1988) 
and was constructed of 2,020 map units, divided in 94 vegetation classes. It is important to note 
that this map represents the “potential natural vegetation”, that is, what could be achieved under 
current (at the time of the map elaboration) climatic and soil conditions without human 
disturbance. 
 
Land Cover 
The land cover map of the Brazilian Amazon for the year 2000 was generated using radar data 
from the Joint Research Center JRC-ISPRA (Figure 5.8).   
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Figure 5.7. Location of stations giving measurements of monthly air temperature. 
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Figure 5.8. Land cover map for the Brazilian Amazon, obtained from JRC-ISPRA. 
 
 
 
Soil 
The Soil map of the Brazilian Amazon at the scale 1:5,000,000 is shown in Figure 5.3. This 
mapwas digitized from EMBRAPA data (1981) containing 2,698 map units representing 69 soil 
types for the whole of Brazil.  
 
 
SOTER 
 
SOTER presents a harmonized set of soil parameter estimates for the Brazilian Amazon, 
developed to permit modelling of soil carbon stocks and changes. The Soil and Terrain Database 
for Brazil (of which the Brazilian Amazon data is part), compiled in the framework of the 1:5M 
SOTER work for Latin America and the Caribbean, provided the basis for the current study. 
Results are presented as summary files and can be linked to the 1:5M scale SOTER map for 
Brazil and Brazilian Amazon (Figure 5.9) in a GIS, through the unique SOTER-unit code (Batjes 
et al., 2004). 
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Figure 5.9. SOTER units for the Brazilian Amazon (source: Batjes et al. (2004)). 
 
 
Soil Database for the Brazilian Amazon  
A database, providing information on soil physical and chemical attributes was compiled for use 
in the two modes of model application. The data contained in the database were obtained from 
the Projeto RADAMBRASIL (Brasil, 1970-1987). The data was manually digitized from 23 
bulletins (volumes) produced by the Projeto RADAMBRASIL. The Projeto RADAMBRASIL was 
carried out from 1970 to 1982 in the entire Brazilian Amazon. The main objectives of the project 
were to identify, delimit and localize the various classes that occur in the region. The project 
includes surveys of geology, geomorphology, vegetation, soils and land use. The reports contains 
soil analyses for approximately 12,000 soil horizons representing 2559 soil profiles, including 
organic carbon, nitrogen and phosphorus concentration, soil texture, major cations and other soil 
property measurements. However, bulk density determinations are only available for a limited 
part of the data, corresponding to about 474 horizons. Data from each volume were organized in 
a separated spreadsheet (EXCEL), in which the title line was translated into English. These 
volumes cover the entire Brazilian Amazon. The area covered by each volume is shown in Figure 
5.10. 
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Figure 5.10. RADAMBRASIL volume numbers and locations. 
 
 
Finally, information regarding laboratory methods used to analyse each soil property in the 
database was tabulated and included on a CD (Bernoux et al., 2003). The data set may be freely 
used for non-commercial scientific and educational purposes, provided that the contents of the 
file are included with the redistribution, and it is attributed to the following source: 
Bernoux M.; Cerri C.E.P.; Cerri C.C. 2003. Digital soil properties database of the Amazon part 
from the RADAMBRASIL project. Version 1, dated September 25th, 2003. 23 Files on CD.    
 
Statistical Data from the Agricultural Census   
Data from 170 Agricultural Census bulletins (Figure 5.11.) were transferred from hardcopy to 
digital format. Data relating to areas of pasture, native vegetation and cultivated (crop) land were 
organized in EXCEL spreadsheets, on a country scale basis for the Brazilian Amazon. Dr. 
Eustaquio Reis from the Institute of Applied Economy (IPEA, Rio de Janeiro, Brazil) kindly 
provided data for the years 1975, 1980, and 1985. Therefore, we have successfully organized 
land use data for the years 1940, 1950, 1960, 1970, 1975, 1980, 1985, and 1995 for the entire 
Brazilian Amazon. This information was used to elaborate current and future land use scenarios. 
 
 
. 
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Figure 5.11. Census data for the Brazilian Amazon. 
 
 
5.3. Model Evaluation (Field Scale)   
 
RothC and Century models were run for the eleven forest-to-pasture chronosequences, chosen in 
order to consider different soil clay content, grass types and climate conditions (Table 5.1).  
 
The main results from the simulations of soil organic C dynamics from the eleven chronosequences 
are presented in Figure 5.12.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bulletin
Digital 
770 counties
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Figure 5.12. Modelled (lines) and measured (symbols) soil organic C in the 0-20 cm layer 
from the eleven chronosequences in the Brazilian Amazon, using RothC ( ___ ) and Century 
( ----- ) models. 
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We estimated equilibrium organic matter levels by running the models for a period of 10,000 
years. Then, the models were run for 100 years under pasture. Century and RothC predicted that 
forest clearance and conversion to well managed pasture would cause an initial decline in soil C 
stocks, followed by a slow rise to levels exceeding those under native forest. The only exception 
to this pattern was found for the chronosequence called Suia-Missu, where the pasture is 
degraded rather than well managed like the other chronosequences. At Piquia, where forest was 
converted to well managed pasture, the predicted soil C content under pasture for 100 year was 
only marginally greater that under forest (Figure 5.12.). 
 
Evaluation of the performance of soil organic matter models is often based on upon visual/graphical 
comparison of the simulated values produced by the model with actual measured values, as we did 
in Figure 5.12. However, according to Smith et al. (1996), such methods only provide a qualitative 
assessment of whether model output closely matches measured data. 
 
In order to have a quantitative comparison of measured and simulated data from the eleven 
chronosequences, we used the following tests: sample correlation coefficient (r), root mean square 
error (RMSE) and mean difference between measurements and simulation (M). Details of these 
tests can be found in Smith et al. (1996) and Smith et al. (1997). The results of the statistical tests 
for the simulations made on the eleven chronosequences individually, are shown in Tables 5.3, 
and 5.4 Table 5.5 presents the same statistical tests carried out on amalgamated results for all 
eleven chronosequences. 
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Table 5.3. A comparison of actual data and model output from RothC, using a range of statistical 
tests. 
 
 
All correlation coefficient values are greater than zero (Tables 5.3. and 5.4.), showing positive 
correlation between simulated and measured values. The calculated values close to zero for the 
mean difference between observation and simulation (M) indicate that bias (or consistent error) 
was small. As M does not include a square term, simulated values above and below the 
measurements cancel out and so any inconsistent errors are ignored (Smith et al., 1996). The 
coefficient of determination (CD) effectively measures the proportion of the total variance in the 
observed data that is explained by the predicted data (Smith et al., 1997). So, a CD value equal 
to 1 (perfect fit) signifies no difference between the measured and predicted variance values. 
However, this does not necessarily indicate equivalence between the measured and predicted 
values (Smith et al., 1996). In this case, the simulations result yielded CD values between zero 
and one, signifying that the deviation of the predictions from the mean observation is greater than 
observed in the measurements (Tables 5.3, 5.4 and 5.5). The coincidence between measured 
and simulated values were assessed by calculating an absolute value for total difference, 
expressed as the RMSE. The values found for RMSE (Tables 5.3, 5.4 and 5.5) indicate that the 
differences between measured and simulated values were, on average, small. RMSE can also be 
used directly to compare errors in simulations made by different models, a lower value of RMSE 
indicating a more accurate simulation (Smith et al., 1996). The RMSE values in Tables 5.3 and 
5.4 are comparable with those found by Falloon and Smith (2002), who also used RothC and 
Century to simulate data from six long-term experiments under temperate conditions.  
 
 
 
Chronosequence r CD CRM RMSE M n 
% g m-2 
Bosque (PA) 0.79 0.64 0.02 6.30 1.23 5 
Água Parada (PA) nd nd nd nd nd 2 
Piquiá (PA) nd nd nd nd nd 2 
Entre Rios (PA) 0.85 0.77 0.05 8.30 0.99 5 
Sao Joao (PA) 0.60 0.02 -0.73 73.13 -15.43 3 
Teixeira (AM) 0.61 1.34 0.01 4.97 0.61 4 
Nova Vida   (RO) 0.65 1.07 0.05 14.33 1.62 19 
Benjamim (RO) nd nd nd nd nd 2 
Lenk (RO) nd nd nd nd nd 2 
Rancharia (MT) nd nd nd nd nd 2 
Suia-Missu (MT) 0.39 19.00 0.01 14.64 0.20 7 
Perfect fit 1.00 1.00 0.00 0.00 0.00   
r: s ample correlation coefficient, CD: coefficient of determination,  
CRM: coefficient of residual mass; RMSE: root mean square error, 
 M: mean difference between observations and simulation. 
Statistical tests 
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Table 5.4. A comparison of actual data and model output from Century, using a range of 
statistical tests. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.5. Statistical tests applied for agreement between simulated and observed soil C, values 
for an amalgamation of all the sites within the 11 chronosequences in the Brazilian 
Amazon.
 
 
 
Model
r CD CRM RMSE M n
% g m-2
Century 0.91 0.98 0.027 16.19 88.04 73
RothC 0.88 1.07 -0.008 17.28 -0.24 51
1.00 1.00 0.00 0.00 0.00
r: sample correlation coefficient, CD: coefficient of determination,
CRM: coefficient of residual mass; RMSE: root mean square error,
 M: mean difference between observations and simulation.
Statistical tests
Perfect fit
Chronosequence r CD CRM RMSE M n 
% g m-2 
Bosque (PA) 0.82 0.47 0.03 11.30 165.60 7 
Água Parada (PA) 0.82 0.42 -0.16 21.68 -658.25 4 
Piquiá (PA) 0.36 0.27 0.01 15.14 22.82 4 
Entre Rios (PA) 0.52 0.50 0.06 12.94 106.54 7 
Sao Joao (PA) 0.67 2.96 -0.09 23.70 -254.30 5 
Teixeira (AM) 0.94 0.42 0.06 6.77 322.64 6 
Nova Vida   (RO) 0.55 0.86 0.04 17.58 144.81 21 
Benjamim (RO) 0.38 0.14 0.17 21.51 529.26 4 
Lenk (RO) 0.95 1.03 0.09 11.19 382.12 3 
Rancharia (MT) 0.83 1.06 -0.01 10.70 -15.97 3 
Suia-Missu (MT) 0.70 0.36 0.01 16.29 15.88 9 
Perfect fit 1.00 1.00 0.00 0.00 0.00   
r: s ample correlation coefficient, CD: coefficient of determination,  
CRM: coefficient of residual mass; RMSE: root mean square error, 
 M: mean difference between observations and simulation. 
Statistical tests 
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5.4. Land Use Scenarios Current and Future 
 
Land use scenarios for the Brazilian Amazon, current and future, were devised taking into 
account; deforestation rates during the past two decades, Census data on land use from 1940 to 
2000 including the expansion and intensification of agriculture in the region, available information 
on management practices (mainly related to well managed versus degraded pasture and 
conventional versus no-tillage systems for soybean) and FAO predictions on agricultural land use 
and land use changes for the years 2015 and 2030. 
 
Our baseline land use scenario was obtained using information from Census data for the entire 
Brazilian Amazon. We organized the Census data for the years 1940, 1950, 1960, 1970, 1975, 
1980, 1985, and 1995 for the entire Brazilian Amazon, on a county (Municipio) basis. An example 
of the data, is shown in Figure 5.13. 
 
 
 
 
Figure 5.13. Example of the census data for municipios within the Brazilian Amazon. 
 
 
Figure 5.13. shows only 4 categories of land use, however, other data is available e.g. 
 
- Native forest 
- Planted forest (mainly Eucalyptus and Pine) 
- Native pasture (“grasslands”) 
- Planted pasture 
- Annual crops 
- Perennial crops   
Rondonia 
(52 counties in 1995)
Brazilian Amazon 
(770 counties in 1995)
Guajara-Mirim 
County
Name Native Planted Annual Perenial
Forest Pasture Crops Crops
Alta Floresta 208768 102685 12448 13713
Ariquemes 173013 110289 4078 13669
Espigão 117352 79069 4014 5740
Guajara-Mirim 177178 30639 1912 727
Ji-Parana 308923 130075 3334 3968
Porto Velho 640189 94865 6391 3465
Alvorada 62437 59382 5317 5852
Vilhena 253521 91056 10354 488
Land Use for the year 1995 (in ha)
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- Land inappropriate for agriculture (flooded, swamps, rocks etc.) 
- Fallow (suitable for agriculture, but not used in the past 4 years) 
- Irrigated areas 
- Rural and urban population 
- Number of cattle 
 
 
When working with time series data of land use, we had to address the issue of municipio 
dynamics (e.g. new municipios being created as time went on) for each state of the Brazilian 
Amazon, as illustrated for the state of Rondonia in Figure 5.14. 
 
  
 
Figure 5.14. Municipio evolution/dynamics through time for Rondonia State. 
 
Therefore, an essential step was to make an association between the Agricultural Census data 
and the municipio maps. In order to do this, we prepared sets of maps showing municipio 
evolution throughout time for all the states of the Brazilian Amazon.  
 
The result is maps of different land use/land cover, by county for the entire Brazilian Amazon. An 
example of another kind of map-census associated data for the year 1995 is given in Figure 5.15.  
 
 
 
1950-60 
1990-1995 1980-85 
1970-80 
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Figure 5.15. Cattle distribution, by county, within the Brazilian Amazon, in 1995. 
 
 
According to the census data, the population in the Brazilian Amazon increased at an average 
annual rate of 4% during the period 1970 - 1990. The urban part of the population expanded 
much faster than the rural, leading to a dramatic change in the composition of the population. 
Both rural and urban inhabitants have an impact on deforestation rates. Urban inhabitants 
typically work in the service sector and are therefore assumed to have no direct impact on 
deforestation. There will, nevertheless, be an indirect effect through the demand for agricultural 
goods. 
 
In recent years the Brazilian Amazon has been faced with high annual deforestation rates (Figure 
5.16. and Table 5.6). In 2002 and 2003, the rate of deforestation in the Brazilian Amazon climbed 
to nearly 24,000 km2 per year (Figure 5.16). This increase was mostly the result of the rapid 
destruction of seasonal forests in the southern and eastern sections of the basin. Relative to 
preceding years (1990-2001), forest loss has increased by a massive 48% in the states of Para, 
Rondonia, Mato Grosso, and Acre (Table 6.). The net deforestation rate in these four states 
increased from 1.43 million ha year-1 from 1990-2001 to 2.12 million ha year-1 in 2002-2003 
(based on data from the Brazilian National Space Agency (INPE, 2004)).  
 
This increase was evidently driven by rising deforestation and land speculation along new 
highways and planned highway routes and the dramatic growth of Amazonian cattle ranching and 
industrial soybean farming (Laurance et al. 2001a, b). For our scenarios of land use change, we 
have assumed a constant deforestation rate of 20,000 km2 year-1 (or 2,000,000 ha year-1) for the 
next 30 years, considering “business as usual”. This value was obtained by averaging the official 
figures (INPE, 2004) on annual deforestation rates for the last decade (Figure 5.16).  
  
Number of cattle
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Figure 5.16. Annual deforestation rates in the Brazilian amazon 1977-2003.  
 
Cattle ranching is the leading cause of deforestation in the Brazilian Amazon. This has been the 
case since at least the 1970s: Government figures attributed 38% of deforestation from 1966-
1975 to large-scale cattle ranching. However, today the situation may be even worse. Several 
factors have spurred Brazil's recent growth as a producer of beef: i) currency devaluation:  the 
devaluation of the Brazilian real against the dollar effectively doubled the price of beef and 
created an incentive for ranchers to expand their pasture areas at the expense of the rainforest. 
The weakness of the real also made Brazilian beef more competitive on the world market; ii) 
control over foot-and-mouth disease: the eradication of Foot-and-Mouth Disease in much of Brazil 
has increased price and demand for Brazilian beef; iii) infrastructure: road construction gives 
developers and ranchers access to previously inaccessible forest lands in the Amazon. 
Infrastructure improvements can reduce the costs of shipping and packing beef; iv) interest rates: 
rainforest lands are often used for land speculation purposes. When real pastureland prices 
exceed real forestland prices, land-clearing is a good hedge against inflation. At times of high 
inflation, the appreciation of cattle prices and the stream of services (milk) they provide, may 
outpace the interest rates earned on money simply left in the bank; and v) land tenure laws: in 
Brazil, colonists and developers can gain ownership of Amazon lands by simply clearing forest 
and placing a few head of cattle on the land. As an additional benefit, cattle are a low risk 
investment relative to cash crops, which are subject to severe price swings and pest infestations. 
Essentially, cattle are vehicles for land ownership in the Amazon.  
 
A significant amount of deforestation is also caused by the subsistence activities of poor farmers 
who are encouraged to settle on forestlands by government land policies. In Brazil, each squatter 
acquires the right (known as an usufruct right) to continue using a piece of land by living on a plot 
of unclaimed public land (no matter how marginal the land) and "using" it for at least one year and 
a day. After five years the squatter acquires ownership and hence the right to sell the land. Up 
until at least the mid-1990s this system was exacerbated by a government policy that allowed 
each claimant to gain title for an amount of land up to three times the amount of forest cleared. 
Poor farmers use fire to clear land and every year satellite images pick up tens of thousands of 
fires burning across the Amazon (INPE, 2004). Typically, under-story shrubbery is cleared and 
then forest trees are cut. The area is left to dry for a few months and then burned. The land is 
planted with crops such as bananas, palms, manioc, maize, or rice. After a year or two, the 
productivity of the soil declines and the transient farmers move deeper into the forest clearing 
new forest to use as short-term agricultural land. The old, now infertile fields are used for small-
scale cattle grazing or left for waste.  
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Table 5.6. Mean rate of gross deforestation (km2 year-1) by state for the Brazilian Amazon. 
Amazon states 77/88 * 88/89 89/90 90/91 91/92 92/94 ** 94/95 95/96 96/97 97/98 98/99 99/00 00/01 01/02 02/03
Acre 620 540 550 380 400 482 1208 433 358 536 441 547 419 727 549
Amapa 60 130 250 410 36 9 18 30 7 4
Amazonas 1510 1180 520 980 799 370 2114 1023 589 670 720 612 634 1016 797
Maranhao 2450 1420 1100 670 1135 372 1745 1061 409 1012 1230 1065 958 1330 766
Mato Grosso 5140 5960 4020 2840 4674 6220 10391 6543 5271 6466 6963 6369 7703 7578 10416
Para 6990 5750 4890 3780 3787 4284 7845 6135 4139 5829 5111 6671 5237 8697 7293
Rondonia 2340 1430 1670 1110 2265 2595 4730 2432 1986 2041 2358 2465 2673 3605 3463
Roraima 290 630 150 420 281 240 220 214 184 223 220 253 345 54 326
Tocantins 1650 730 580 440 409 333 797 320 273 576 216 244 189 259 136
Amazon 21050 17770 13730 11030 13786 14896 29059 18161 13227 17383 17259 18226 18165 23266 23750
*Decade mean
**Biennium mean  
 
Recently soybean production has become one of the most important contributors to deforestation 
in the Brazilian Amazon. The soybean expansion (Figure 5.17) became possible following the 
production of a new variety of soybean, developed by Brazilian scientists to flourish in the 
rainforest climate. Brazil is on the verge of supplanting the United States as the world's leading 
exporter of soybeans. Soybean farms promote some forest clearing directly, but have a much 
greater impact on deforestation by consuming cleared land, savannah and ecotonal forests, 
thereby pushing ranchers and slash-and-burn farmers ever deeper into the forest. Equally 
important, soybean farming provides a key economic and political impetus for massive 
infrastructure projects, which accelerate deforestation by other groups and individuals.   
 
 
 Figure 5.17. Soybean production in the Brazilian Amazon in 2003. 
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Therefore, soybean expansion was included in our current and future scenarios. For the year 
2015, estimates indicate that approximately 60% of the new deforested area in the Brazilian 
Amazon will be used for soybean cultivation (Figure 5.18). Pasture will be established in the 
remaining 40% of the newly cleared area.  
  
Figure 5.18. Schematic representation of land use area proportions for future scenarios in the 
Brazilian Amazon. 
 
In 2030, the proportion of soybean to pasture would be even greater. In other words, 
approximately 70% of the newly cleared areas would be used as soybean and only 30% would be 
used to create pasture. Moreover, the pasture areas would also be split according to the 
management system: 20% of the pasture areas would be under well managed systems and the 
remaining 80% under degrading systems. Degraded pasture can be further split into three main 
options: remain as degraded pasture, become well managed pasture after a rehabilitation and/or 
be converted to row crops (mainly soybean) as illustrated in Figure 5.18. 
 
The suggested scenarios do not necessarily need to occur as they are described here. It is 
difficult to devise scenarios for 2015 and 2030 for such a large area that is currently under 
development. However, the situations mentioned are likely to happen and some of them have 
already been reported by several publications (Castro et al., 2001; Godinho et al., 2003; FNP, 
2003; Saraiva et al., 2004; Embrapa, 2005). Our estimates of soybean expansion are in 
agreement with FAO predictions on agricultural land use and land use changes for the years 
2015 and 2030 (FAO, 2002). Nevertheless, the purpose of the present study is not to define the 
most probable future scenarios, but rather to estimate the changes in soil organic carbon were 
these scenarios to occur. 
 
5.5. Regional C Stocks Current and Future  
 
Due to its large extent, its relatively high carbon density and high deforestation rates, the Brazilian 
Amazon plays an important role in the global cycle. As mentioned in the previous sections, there 
are multiple variables that determine SOC distribution in the Brazilian Amazon. The use The 
GEFSOC Modelling System provided estimates of current and future SOC for the entire Brazilian 
Amazon as shown in Figures 5.19 – 5.24.  
 
2015: Deforested area 
2030: Deforested area 
Pasture (40%) and crops 
Degraded (80%) and well managed 
Pasture (30%) and crops 
Degraded (80%) and well managed 
Degraded (20%), well managed (40%), Crops 
Degraded (20%), well managed (40%), crops 
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The system can produce various outputs (see section 4 of this report), however, the ones  
selected to be shown here (due to the limited size of the report), are: SOC stocks and SOC stock 
change rates estimated by three methods: i) The Century Ecosystem Model, ii) The Rothamsted 
Carbon Model and iii) the Intergovernmental Panel on Climate Change (IPCC) method for 
assessing soil carbon at the regional scale.  
 
 
Figure 5.19. Map of current (year 2000) SOC stocks from the Century model for the 0-20cm layer 
in the Brazilian Amazon.  
 
Figure 5.19. shows the current SOC stock distribution in the Brazilian Amazon for the 0-20 cm 
layer, obtained by the Century model. SOC stocks vary from 20 to 150 t C ha-1 in the top 20 cm of 
soil. The majority of the area is under the third class of SOC stocks, i.e. from 60 to 80 t C ha-1.  It 
is also possible to recognize some features that coincide well with information from other maps. 
For instance, it is clearly shown that next to the Amazon River, the soils presented the highest 
SOC stocks (representing stocks varying from 100-150 t C ha-1) due to their hydric conditions. It 
could also be noted that the very north and the southeastern parts of the map show the lowest 
SOC stocks, which is as expected as the native vegetation is savanna, rather than evergreen 
forest (see Figure 5.2. for native vegetation). Figure 5.20 illustrates the flexibility of The GEFSOC 
Modelling System outputs, which make it possible to estimate SOC stocks, not only for different 
land uses but also for different soil hydrological conditions. According to SOTER and other data 
sets for Amazonian soils, the majority of the soils are non-hydric. This is well captured in SOC 
stocks shown in Figure 5.20. Among the different land uses under hydric conditions, the largest 
contribution to SOC stocks comes from soils under native vegetation (mainly evergreen forests, 
classes coloured with brown and red in Figure 5.19). 
 
 
SOC stocks 
(t C ha-1)
kilometers0 250 500
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Figure 5.20. Distribution of current (year 2000) SOC stocks in the Brazilian Amazon according to 
land use and soil hydrological conditions.  
 
Estimated SOC stocks (0-20 cm) for the years 1990, 2000 and 2030 from Century are presented 
in Figure 5.21. Stocks of SOC under native vegetation decrease through time due to the area 
reduction according to the land use scenarios described in Section 5.4 of the present report. If the 
projected deforestation is realised, in 2030, approximately 4,200 Tg C will be lost from the soil 
(compared to the estimated value in 1990 value) (Figure 5.21). It should be stressed that 
following deforestation, large amounts of C are lost from biomass, much of which is emitted to the 
atmosphere as CO2. According to Dias-Filho et al. (2001), forest-to-pasture conversion releases 
100-200 tons C ha-1 from above-ground forest biomass to the atmosphere.  
 
In the Brazilian Amazon, areas that have been converted from pasture to agriculture are mainly 
cropped with soybean, associated with a cover crop (usually millet), and cultivated under 
conventional tillage during the first 1-2 years and then under a no-tillage system (Figure 5.22).  
 
Conversion of native vegetation to cultivated cropland under conventional tillage system has 
resulted in a significant decline in soil organic matter content (Paustian et al. 2000, Lal 2002). 
Farming methods that use mechanical tillage, such as the mouldboard plough for seedbed 
preparation or discing for weed control, can promote soil C loss by several mechanisms: they 
disrupt soil aggregates, which protect soil organic matter from decomposition (Karlen & 
Cambardella 1996, Six et al. 1999), they stimulate short-term microbial activity through enhanced 
aeration, resulting in increased levels of CO2 and other gases released to the atmosphere (Bayer 
et al. 2000a,b; Kladivko 2001), and they mix fresh residues into the soil where conditions for 
decomposition are often more favourable than on the surface (Karlen & Cambardella 1996). 
Furthermore, tillage can leave soils more prone to erosion, resulting in further loss of soil C (Lal 
2002). Conversley, no-tillage practices cause less soil disturbance, often resulting in significant 
accumulation of soil C (Sá et al. 2001; Schuman et al. 2002) and consequent reduction of gas 
emissions (especially CO2) to the atmosphere (Lal 1998; Paustian et al. 2000). There is 
considerable evidence that the main effect is in the topsoil with little overall effect on C storage in 
deeper layers (Six et al. 2002). 
 
  50
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.21. Current and future SOC stocks in the 0-20 cm layer for the Brazilian Amazon 
derived from the Century model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22. Conversion of native vegetation to agriculture in the Brazilian Amazon. 
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Since the adoption of no-tillage systems, SOC stocks have shown an increase over time under 
soybean cultivation (Figures 5.21 and 5.24). The effects of agriculture expansion can also be 
observed by the SOC stock change rates (Figure 5.23), where soybean shows the highest 
change rates among the different land uses in the Brazilian Amazon. Note that there is no value 
for SOC stock change rate (Figure 5.23) nor for SOC stocks (Figure 5.21) for soybean in the year 
1990, since soybean production was not widespread in the Brazilian Amazon at that time. The 
increase in soybean cultivation area associated with adoption of no-tillage systems has led to an 
increase in SOC stocks. This is illustrated in the SOC stock maps for 2000 and 2030 (Figure 
5.24). In 1990 the agricultural expansion area was dominated by SOC stock class of 20-40 t C ha-
1. In the year 2000 some areas started to be cultivated with soybean and finally in 2030, most of 
this region moved to a higher class of SOC stock, now in the range of 40-60 t C ha-1 (Figure 
5.24).   
 
The estimated figures presented here are comparable with those obtained from other studies 
considering no-till system carried out in the mid-western part of Brazil (Lima et al., 1994; Castro-
Filho et al., 1998; Riezebos & Loerts, 1998; Vasconcellos, 1998; Peixoto et al., 1999; Resck et 
al., 2000). These studies reported SOC stock accumulation rates due to no-tillage varying from 0 
to 1.2 t C ha-1 yr-1 for the surface soil layer. 
 
It is important to note that there is a lot of controversy regarding whether no-till really does 
sequester much soil C, especially when the whole soil profile is considered (Smith et al., 1998).  
Most studies that have looked at the whole profile have shown insignificant soil C gains. The 
quantity of residues returned, variations in the practices implemented and even climate are 
factors likely to influence the outcome.  According to Smith et al. (1998) only certain fixed 
amounts of soil C can be gained, up to a new equilibrium limit, which is reversible if land 
management reverts to conventional tillage.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23. SOC stock change rate for the Brazilian Amazon. 
 
 
Soil organic carbon stocks increase through time in the abandoned areas, from 217 Tg in 1990 to 
620 Tg in 2030 (Figure 5.21). These areas follow a clear pattern of development. During pasture 
use, burning and weeding delay succession, but the forest begins to regenerate once the field is 
abandoned. Secondary vegetation establishes itself through four main processes: regeneration of 
remnant individuals, germination from the soil seed bank, sprouting from cut or crushed roots and 
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stems, and dispersal and migration of seed from other areas (Tucker et al., 1998). Variance in the 
speed of forest re-growth is evident across regions and along a soil fertility gradient in the 
Brazilian Amazon. The rate of forest succession is determined by several factors. Original floristic 
composition, neighbouring vegetation, and soil fertility and texture may affect re-growth. In 
addition, farmers´ land use decisions (such as clearing size, clearing procedures, crops and 
frequency and duration of use) influence tree establishment and path of secondary succession. At 
the regional scale, soil fertility and land use history are the critical factors influencing the rate of 
forest re-growth (Tucker et al., 1998).  
 
Secondary forests in the Amazon have high rates of regeneration, both following slash-and-burn 
agriculture and after abandonment of degraded pasture. Brown and Lugo (1990) reported that 
abandoned agricultural lands that reverted to forest accumulate carbon at rates proportional to 
the initial forest biomass. Rates range from about 1.5 Mg C ha-1 yr-1 in forests with initial biomass 
of < 100 Mg C ha-1 to about 5.5 Mg C ha-1 yr-1 for forests with biomass of > 190 Mg C ha-1. 
Woomer et al. (1999) observed a rate of 6.2±1.3 Mg C ha-1 yr-1 of carbon sequestration in 
secondary forest re-growth in the Brazilian Amazon. Watson et al. (2000) suggested a range of 
carbon accumulation of 3.1 to 4.6 Mg C ha-1 yr-1 for tropical regions over 40 years. Schroth et al. 
(2002) reported that secondary forest on an infertile upland soil in central Amazon accumulated 
carbon in above- and belowground biomass and litter at a rate of about 4 Mg ha-1 yr-1. The rate of 
accumulation in aboveground biomass reported by Nepstad et al. (2001) ranged from 2.5 to 5 Mg 
C ha-1 yr-1 for 20-year-old Amazon secondary forest.  A study in the Central Amazon (Feldpausch 
et al., 2004), reported carbon accumulation of 128 Mg C ha-1 for a 12 year old secondary forest 
dominated by Vismia ssp. The secondary vegetation was regenerated on an abandoned severely 
degraded pasture near Manaus.   
 
Forests that develop on abandoned land also counteract many of the deleterious impacts of 
forest conversion to agriculture and cattle pasture. They play an important role in the regional 
carbon budget, as they re-assimilates part of the carbon that was released upon cutting and 
burning of the original forest vegetation. They restore hydrological functions performed by mature 
forests and reduce the flammability of agricultural landscapes. Secondary forests transfer 
nutrients from the soil to living biomass, thereby reducing the potential losses of nutrients from 
the land through leaching and erosion. They also allow the expansion of native plant and animal 
populations from mature forest remnants back into agricultural landscapes (Nepstad et al., 2001). 
 
Pasture grasses have the potential to introduce large amounts of organic matter into the soil 
(Fisher et al. 1994; Boddey et al. 1996; Rezende et al. 1999; Guo & Gifford 2002). The pasture is 
usually introduced after a slash and burn technique used to clear the forest, with only two or three 
trees per hectare being harvested before clearance. Pasture grasses, like Brachiaria brizantha, 
one of the best adapted to the regional conditions, are sown by plane or even by hand. Two to 
four years after establishment, weed control becomes necessary. Eventually, manual cut or 
herbicides can be used. The pasture feed a varying number of cattle according to the season and 
the rancher’s economic situation, but on average 1.5 animals per hectare. Usually no fertilizers 
are used due to the high costs of chemical products that have to be transported from the southern 
states of Brazil. If the pasture is well managed (depending on soil type, weed control, use of 
adapted grass species and ideal grazing pressure), the system can be productive for more than 
35 years. 
 
 
 
 
 
 
 
 
 
  53
Figure 5.24. Estimated current and future SOC stocks in the agricultural expansion area within 
the Brazilian Amazon. 
 
Increased soil C concentrations in surface horizons is a common consequence of pasture 
formation after forest clearance in the Amazon basin (Bonde et al. 1992; Moraes et al. 1995; 
Trumbore et al. 1995; Moraes et al. 1996; Neill et al. 1997; Bernoux et al. 1998). Moraes et al. 
(1996) found that total soil C contents to 30 cm in the 20-year old pastures were 17 to 20% higher 
than in the original forest sites of the western part of the Amazon region. A comparison of C 
budgets for forest and pastures in the eastern Amazon was made by Trumbore et al. (1995). In a 
rehabilitated and fertilized pasture of Brachiaria brizantha, the authors estimated gains, relative to 
forest soil C stocks, of over 20 t soil C ha-1 in the top 1m of soil and a loss of about 0.5 t C ha-1 in 
the 1 - 8 m soil depth interval during the first 5 years following pasture rehabilitation. More than 
50% of the forest-derived C in surface soils of pastures on converted Amazon forest turns over in 
10 to 30 years (Choné et al. 1991; Trumbore et al. 1995).   
 
The estimated SOC stocks derived from the GEFSOC Modelling System illustrate the afore 
mentioned issues for pasture, e.g. SOC stocks show a slow increase for well managed pasture 
from 1990 to 2030 (Figure 5.21.). The area under degraded pasture, i.e., areas dominated by 
herbaceous and woody invaders (Uhl et al., 1988; Serrão and Toledo, 1990) should diminish 
according to our scenarios (mainly due to land prices). This is reflected in the reductions in SOC 
stocks in the year 2030.  
 
The considered scenarios (Figure 5.18.) probably impacted soil physical, chemical and biological 
properties due to differences in the quantity and quality of SOC inputs to the soil, nutrient inputs 
and losses and stimulation of decomposition (which could not be validated directly). However, 
some of the issues discussed here are in agreement with the general patterns reported in other 
point or site scale studies. Fearnside and Barbosa (1998) showed that trends in soil C were 
strongly influenced by pasture management. Sites that were judged to have been under poor 
management generally lost soil C, whereas sites under ideal management gained carbon. 
Trumbore et al. (1995) reported soil C losses in overgrazed pasture but soil C gains from fertilized 
pasture in the Amazon region. Neil et al. (1997) suggested that degraded pastures with little 
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grass cover are less likely to accumulate soil C because inputs to soil organic C from pasture 
roots will be diminished, but that might not be true in more vigorous re-growth of secondary 
forest. Greater grazing intensity and soil damage from poor management would, in all likelihood, 
cause soil C losses.   
 
5.6. Comparison of Current Stocks with Outcome From Existing 
Methods 
 
There are few studies on estimates of SOC stocks for the entire Brazilian Amazon (Moraes et al., 
1995; Batjes and Dijkshoorn, 1990; Bernoux et al. 2002; Batjes 2005b). Moreover, studies that 
have been carried out have focused on soil carbon stocks under native vegetation. To our 
knowledge, no prior study has considered stocks of SOC under actual land use (e.g. included 
areas under pasture and agriculture). Therefore, comparisons between estimates of current SOC 
stocks, obtained using the GEFSOC Modelling System and other studies are not truly comparing 
like with like. However, given the fact that the outputs from The GEFSOC system© for The 
Brazilian Amazon are unique, in terms of the land uses encompassed, it was deemed appropriate 
to compare them with other available studies, as these represent the state of the art at the time of 
writing this report.  
 
Estimates by Moraes et al. (1995) 
Moraes et al. (1995) determined stocks of carbon and nitrogen for soils under undisturbed 
vegetation across the Brazilian Amazon basin based with 1162 soil profiles from the RadamBrasil 
survey and a digitized Brazilian soil survey map (Figure 5.25). Mean basin soil carbon density 
was 10.3 kg C m-2. About 47 Pg C and 4.4 Pg N were contained in the top 1 m of soil. According 
to the authors, 45% of the total basin soil C (21Pg C) and 41% of total soil N (1.8 Pg N) were 
contained in the top 20 cm over a 5,000,000 km2 area of the Brazilian Amazon.  As these data 
represent sites with forest vegetation in the absence of significant disturbances, they represent a 
valuable baseline for evaluating the effects of land-use changes on soil carbon stocks in the 
Amazon. 
 
 
 
Figure 5.25. Distribution of C stocks in the Brazilian Amazon (from Moraes et al., 1995). 
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Estimates by Batjes and Dijkshoorn (1999) 
Soil nitrogen and organic carbon stocks, to a depth of 0.3 m and 1 m respectively, were 
determined for the entire Amazon Region (about 7,000,000 km2) using the soil and terrain 
SOTER-LAC database for Latin America and the Caribbean. Mean carbon densities, to a depth of 
1 m, range from 4.0 kg m-2 for coarse textured Arenosols to 72.4 kg m-2 for the poorly drained 
Histosols (Figure 26.). Mean carbon density for the mineral soils, excluding Arenosols and 
Andosols (30.5 kg C m-2), is 9.8 kg m-2. In total, the top 1 m holds 66.9 Pg C and 6.9 Pg N. 
Approximately 52% of this carbon pool (about 34.8 Pg) is held in the top 0.3 m of the soil, the 
layer which is most prone to changes upon land use conversion and deforestation. For the 
Brazilian Amazon (about 5,000,000 km2) the organic carbon stock calculated is 25 Pg C (0-30 
cm) and 46.5 Pg C (0-100 cm). For total nitrogen this is 2.3 Pg N (0-30 cm) and 4.9 Pg N (0-
100cm). The figures found for the top 1 m of soil are similar to the ones reported by Moraes et al. 
(1995). 
 
 
 
Figure 5.26. Carbon density in soils of the Amazon region (from Batjes and Dijkshoorn, 1999). 
 
Estimates by Bernoux et al. (2002) 
The objective of the study by Bernoux et al. (2002) was to give reliable values and a distribution 
map, for the 0-30 cm reference layer used by IPCC/UNEP/OECD/IEA (1997), for the Brazilian 
Amazon (an area that was ‘clipped’ from the map of Brazil’s total soil organic carbon stock under 
undisturbed vegetation). In this study the following steps were performed: i) elaboration of a map 
of representative Soil-Vegetation Associations (SVA) for Brazil; ii) organization of a soil profiles 
data base, gathering information such as C concentration, bulk density, soil type and native 
vegetation; iii) calculation of representative C stock (RCS) values for each SVA category and 
subsequently producing a map of their distribution, and iv) extraction of part of the Brazilian 
Amazon portion from the stock produced for the whole of Brazil. Details can be found in Bernoux 
et al. (2002). 
 
The Soil-Vegetation Association (SVA) map was derived by combination of the Brazilian soil map 
(EMBRAPA, 1981) which comprise of 2,698 map units, split into 69 soil types and vegetation map 
of Brazil (IBGE, 1988) at the 1:5,000,000 scale. The latter, contain 2,020 map units divided into 
94 vegetation classes by both major groups and sub-groups. This map represents the “potential 
  56
vegetation”, that is, the vegetation that could be achieved under current (at the time of the map 
elaboration) climatic and soil conditions without human disturbance. The strategy of simplification 
was to use the 12 original major groups as a starting point, and to divide them according to 
vegetation specificity and/or geographical localization. These maps are distributed in digital form 
by FAO.  
 
Soil profiles database elaboration. A digitized soil profiles database was elaborated by using 
information published in soil inventories at regional or national scale. Most of the soil profile 
information came from descriptions of soil pits surveyed by the RADAM-BRASIL project (Brazil, 
1973-1983; Fundação Instituto Brasileiro de Geografia e Estatística, 1986-1987) and by the 
EMBRAPA projects at the state level (e.g. EMBRAPA/SNLCS, 1978-1980). The soil survey of the 
RADAMBRASIL project was initially carried out in the Brazilian Amazon basin, and then extended 
to the whole of Brazil.  
 
Calculation of SOC stocks (0-30 cm, kg m-2) by profile, were carried out by summing the C stock 
of successive horizons in a respective profile. C stock in a soil horizon was determined as a 
product of bulk density (BD), C concentration, and horizon thickness (for those horizons located 
in the 0-30cm depth). Finally, an area was extracted from the Brazil soil carbon stock map 
(Bernoux et al., 2002) that was consistent with the Brazilian Amazon. 
 
The potential total carbon stock of Brazilian Amazon soils under native vegetation for the 0-30 cm 
layer, was calculated as 22.7 Pg C stored in about 5,000,000 km2 of the SVA. Using the standard 
error (SE) calculated for each SVA category (using an arbitrary level of 25% of the representative 
value when it is derived from only one carbon stock value) as a mean to estimate the accuracy of 
the total carbon stock, the entire error would be 2.3 Pg C (Figure 5.27).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27. Map of soil carbon stocks for the Brazilian Amazon, extracted from Brazil’s carbon 
stock map by Bernoux et al. (2002). 
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Estimates by Batjes (2005b) 
Soil organic carbon stocks were calculated using an updated 1:5 M SOTER database for Brazil 
(Batjes et al. 2004b). Each SOTER unit is composed of 1 to 5 soil components, depending on the 
complexity of the mapping unit. Individual soil components were characterized by a typical profile 
selected as being regionally representative. Use of a single representative profile ignores the 
variability within a soil component. Therefore, the procedure included the simulation of 
phenoforms, using the typical profile as the genoform. The information resulting from the 
simulations was linked to the soil geographical information, through the unique profile identifier for 
each soil component, to arrive at n (300) realizations of the regional organic carbon stocks. 
Results are presented as 95% confidence limits for the population median. For the Brazilian 
Amazon median SOC stocks to 1m were estimated to be 42.3-43.8 Pg C and for the top 30 cm 
layer were estimated to be 23.9-24.2 Pg C (Batjes 2005b). 
 
Table 5.7. presents soil organic carbon stocks for the Brazilian Amazon obtained from the 
different methods described above. Estimates of SOC stocks using The GEFSOC Modelling 
System are comparable to the ones presented in previous studies. The discrepancies between 
the figures can be related to the fact that our results include land use changes (pasture and 
agriculture) and management practices (well managed vs degraded pasture and conventional vs 
no-tillage soybean cultivation) as opposed to native vegetation only (as is the case for the other 
studies shown in Table 5.7.).  
 
Table 5.7. Estimates of soil organic carbon (SOC) stocks for the Brazilian Amazon obtained from 
different studies. 
Source Soil layer SOC stocks
(cm) (Pg)
Moraes et al. (1995) 0-20 21
Batjes & Dijshoorn (1999) 0-30 25
Bernoux et al. (2002) 0-30 22.7 ± 2.3
Batjes (2005) 0-30 23.9 - 24.2
GEFSOC project*
Century 0-20 32.6
RothC 0-20 27.0
IPCC 0-30 26.9
* Estimates for the year 2000 and includes land use changes 
   and management practices
 
 
Another advantage of the GEFSOC Modelling system is that it permits the estimation of SOC 
stocks not only for current conditions (ex. year 2000, as shown in Table 5.7), but also for past and 
future scenarios. The other existing methods presented in this section can calculate SOC stocks 
only for the period where the data is available. 
 
Estimates of mean soil organic carbon density in the top 20 cm layer from RothC and Century 
models using the GEFSOC Modelling System (4 kg C m-2 and 6 kg C m-2, respectively) are within 
the range of values presented by previous studies in the Brazilian Amazon. For instance, Bernoux 
et al. (2002) reported that three quarters of all areas in Brazil had C density varying between 3 
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and 6 kg C m-2 for the first 30 cm of soil. Batjes (2005b) found mean C densities varying from 2.4 
to 9.3 kg C m-2 for the 0-30 cm layer for the Brazilian territory. 
 
5.7 Discussion and Conclusions  
 
This section of the report is divided in four parts. In the first one, a general comparison of the 
different methods available in The GEFSOC Modelling System uses results obtained for the 
entire Brazilian Amazon. Issues related to SOC stocks influenced by management practice 
scenarios for pasture (main land use in the cleared areas in the Brazilian Amazon) are discussed 
in the second part. The third part brings estimates of carbon balance for the Brazilian Amazon, 
emphasizing that even when there is an increase in SOC stocks from the conversion of native 
vegetation to pasture or agriculture (under no-tillage and with cover crops) the total carbon 
balance is positive, i.e., source C to the atmosphere. The last part of this section presents general 
conclusions for the Brazilian Amazon case study report. 
 
 
Comparison of different method of the GEFSOC Modelling System 
As mentioned before, in The GEFSOC Modelling System there are different methods of 
assessing SOC stocks. Figure 5.28 illustrates the differences in SOC stocks through time 
between the two process model results (Century and RothC) and the IPCC empirical method. It 
should be mentioned that IPCC figures represent a thicker soil layer (0-30cm) compared to the 
outputs from Century and RothC (0-20cm layer). All of the three different outputs show the same 
pattern, i.e., a decrease in SOC stocks through time. The mentioned decrease is more 
accentuated in the IPCC method, compared to the outputs from the two models. Although they 
present differences in the actual values (less than 18% difference), Century and RothC also show 
the same trend that can be visualized from the parallel curves in Figure 5.28.  In general, it is 
possible to say the three different methods in the GEFSOC Modelling System show good 
consistency in estimating SOC stocks for the entire Brazilian Amazon. Moreover, as described in 
the section 5.6 the current SOC stocks from the GEFSOC Modelling System are comparable to 
outcome from existing methods. 
 
 
Figure 5.28. Stocks of SOC for the Brazilian Amazon estimated from different methods of The 
GEFSOC Modelling System. 
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Management Scenarios 
As simple demonstration scenarios, using the Century model, we examined the effects of 
different pasture managements on soil organic C through a period of 40 years after deforestation. 
It should be stressed that these scenarios were chosen to illustrate hypothetical conditions and 
do not necessarily reflect likely management options.  
 
Rapid depletion of the easily mineralizable OM fractions is probably the primary reason for C  
losses in the overgrazing scenario (Figure 5.29.). The stocks of organic C in soils are largely 
determined by the input of these elements from plant residues and the rate at which these inputs 
decay. Overgrazing reduces grass re-growth, especially when the apical meristem is consumed. 
Therefore, with overgrazing there is significantly lower plant biomass and a reduction of C inputs 
to the soil. However, after almost 10 years of continuous depletion in the simulation, soil organic 
C approached a new steady-state, but at a much lower level of SOM than for the other 
management scenarios. In contrast, considering fertilizer application, after a few years of pasture 
establishment it is possible to observe a fast increase in the soil organic C stocks (Figure 5.29).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.29. Effects of pasture management scenarios on soil organic carbon (Century model). 
 
 
Although fertilization can increase soil organic C stocks in pasture soils, this option has a low 
probability to be adopted by ranchers in the Amazon region, due to expense. It is also important 
to mention that nitrogen fertilization to enhance soil C sequestration is a complex issue and has 
been discussed in various other studies. Nitrogen fertilizer use carries with it a ‘C cost’ associated 
with its manufacture and distribution of about 0.8-1.2 kg CO2-C emission per kg N applied (Follett 
2001) as well as risk for increased N2O emissions (Mosier et al. 1998).  According to Schlesinger 
(2000) the large C emission cost of N fertilizer can be avoided, in part, by agronomic systems that 
include leguminous plants that fix N. However, the use of planted grass-legume pasture is not 
common in the Amazon (Serrão and Toledo 1990), but spontaneous growth of herbaceous 
legumes (e.g., Centrosema spp., Calopogonium spp., Desmodium spp.) can be found in most 
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active pasture areas, although their contribution to the C and N budget is unknown (Dias-Filho et 
al. 2001). 
 
Even considering that scenarios of N fertilization application may be difficult to implement, it is 
possible to achieve soil C sequestration or at least avoid C losses if good management practices 
are adopted. The easiest practices to reach this goal are related to the maintenance of low 
grazing intensity (stocking rates of about 1 to 2 animals per ha) and control of weeds. 
 
Carbon Balance  
Cerri and Bernoux (1998) reported that in order to perform the calculation for the carbon balance 
when forest is burned and pasture established, requirements are needed concerning the pools of 
carbon in the soil and in the biomass. Regarding the fluxes, i.e. transfer of carbon between the 
different compartments and the atmosphere; we based our calculations on relative abundance of 
the 13C isotope. In the following sections, it is going to be shown that although there is an 
eventual accumulation of C in the soil when forest is converted to pasture, the total C balance 
ends up with a large emission of C to the atmosphere, indicating that clearing forest to pasture 
establishment is not a good option in terms of greenhouse gas emissions and therefore, an 
important contribution to enhancing global climate change problems.  
 
Carbon pools 
Forest phytomass - Estimates for the above ground phytomass (standing alive biomass, fallen 
trunks and litter) for the Brazilian Amazon are spread around the mean value of 30,0 kg DM m-2 
(DM = dry matter) (Fearnside, 1985, 1987 and 1992; Uhl et al., 1988; Brown et al., 1995). For 
calculation, and in order to take into account most of the estimates, we used a variation of 4.5 kg 
DM m-2 from the average. Considering that about 3.0 kg DM m-2 (Cerri et al., 1991) are removed 
by timber harvesting, the potentially burnable above ground phytomass ranges from 22.5 to 31.5 
kg DM m-2. These values, assuming 45% of carbon content, correspond to 10.1 and 14.2 kg C m-
2. Forest biomass present a wide range of estimates due to the components considered, size of 
the experimental areas and techniques used to quantify it. Estimates of belowground biomass are 
scarce. We considered that the belowground biomass ranges from 3.5 to 5.3 kg DM m-2, this 
corresponds to 1.6 and 2.4 kg C m-2 respectively.  
 
Soil carbon - Moraes et al. (1995) estimated the soil carbon stocks of the Amazon basin to be 47 
Pg C in the top metre of soil with 45% (21 Pg) concentrated in the first 20 cm. This value 
corresponds to an average carbon density of 4.2 kg C m-2. Two soil types, Oxisols and Ultisols, 
make up nearly 75% of the basin and their average carbon density is 4.0 kg C m-2 (Moraes et al. 
1995). Theses soils are representative of the majority of the deforested area cleared for pasture 
and we will use this value for subsequent calculation. 
 
Pasture phytomass - Aboveground biomass estimates encountered in the literature varied from 
1.0 to 1.5 kg DM m-2 (Teixeira, 1987; Fearnside, 1992), and the belowground biomass from 1.5 to 
3.2 kg DM m-2. Using a carbon density of 45% of this value correspond respectively at 0.45 and 
0.68 kg C m-2 for the aboveground biomass, and at 0.67 and 1.44 for the belowground biomass. 
 
Fluxes 
Combustion and mineralization of the forest phytomass - The combustion efficiency of the 
aboveground phytomass varies with the floristic composition, forest structure, and local climate 
before and during the burning and length of drying period of the previously cut biomass. 
Combustion efficiency has been estimated near Manaus to be 27.6 % (Fearnside et al., 1993). 
We used a combustion efficiency of 25 %, which represent a direct transfer of 2.5 to 3.5 kg C m-2 
to the atmosphere. We also considered that the 75% of remaining unburned biomass is 
mineralized during the first 5 years.  
 
Soil carbon lost and fixed - A study in Rondônia (Moraes et al., 1995) showed that total soil 
carbon increases 9% after 5 years and 19% after 35 years of pasture when compared with the 
same soil under forest. Using the average 4.0 kg C m-2 this corresponds to an increase of 0.36 
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and 0.76 kg C m-2 respectively. Using stable 13C isotopic technique (Cerri et al., 1985) it is 
possible to calculate for a determinate age of pasture, the proportion of soil carbon remaining 
from the forest system (Cf) and the proportion of soil carbon introduced by the grasses of the 
pasture system (Cp). We calculated that, after 5 years as pasture, the proportion of Cf varied 
from 55.7 to 68.7% and Cp from 31.3 to 44.3%. For the period of 35 years the proportions were 
51.3-64.8% for Cf and 35.2-48.7% for Cp. It is therefore possible to show that the carbon lost 
from the original pool under the forest is 1.0 to 1.6 kg m-2 concentrated during the first 5 years as 
pasture and that the carbon fixed by the pasture (net fixation) is 1.7 to 2.3 kg m-2 for the total 
period of 35 years. 
 
Carbon dioxide emission - Carbon dioxide fluxes from undisturbed tropical forest sites (mean 
values obtained in Brazil, Ecuador and Puerto Rico) can be represented by 1,040 ± 390 g C-CO2 
m-2 year-1 according to Keller et al. (1993), or nearly 118.7 mg C-CO2 m-2 h-1. Also Medina et al. 
(1980), studying two Amazonian forest soils, measured values ranging from 114.4 to 165.5 mg C-
CO2 m-2 h-1, depending on soil type. A mean value of 1200 g C-CO2 m-2 year-1 could be 
considered. In a chronosequence studied by Feigl et al. (1995) in Rondônia, Brazil, pasture soils 
generally had greater CO2 emissions throughout the year than the forest soils. The largest 
releases (up to 310 mg C-CO2 m-2 h-1 or 2700 g C-CO2 m-2 year-1) were measured during the wet 
season in 5 and 9 year-old pastures. Moreover, the d13C-CO2 values from field incubations 
showed that the carbon in the respired CO2 was primarily pasture-derived carbon (C4 plants) in 
pastures older than 5 years. 
 
Based on this data we can conclude that although the C-dynamics in the pastures is at least twice 
as fast as in forests, probably due to a much higher respiration rate per unit biomass and higher 
soil temperatures, the system promotes a soil carbon storage increase along time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.30. Carbon balance in the conversion of forest to pasture in the Brazilian Amazon. 
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Estimated carbon balance 
Figure 5.30 shows information on the net gains and losses of carbon in the case of a forest-to-
pasture conversion when the pasture remains well managed over a period of 35 years. During 
this period the system works as a carbon source to the atmosphere. This kind of land use change 
releases 8.4 to 15.3 kg C m-2 due to the deforestation, burning and use as a well managed 
pasture. Moreover, the problem of the loss of biodiversity when the forest is converted to a 
pasture is critical. The nature of the relationship between deforestation rate and loss of species is 
not known. Initial human intervention results in the loss of a few, highly vulnerable species. 
Massive forest destruction is probably required to remove more widely distributed species. 
Conclusions 
Pasture productivity and longevity and agricultural expansion in the Amazon basin seem to be 
closely related to soil organic matter dynamics. Thus, understanding the major biogeochemical 
cycles that influence soil organic matter under cleared lands is vital for predicting the 
consequences of continued conversion of tropical forest to cattle pastures and agriculture. This 
understanding is also important for devising management technologies that enhance the 
sustainability of these areas and thus slows further deforestation.  
 
Therefore, more field data is needed on the effect of human-induced land use changes on tropical 
soil organic carbon dynamics and their relationship to soil type and climate condition. Such data 
can be used together with remotely obtained imagery and geographic information systems, based 
maps of land use conversions, to improve overall estimates of current and future stocks of soil 
organic carbon in the Brazilian Amazon. 
 
The GEFSOC system worked very well for the conditions in the case study area, providing a 
means of efficiently handling complex interactions among biotic-edapho-climatic conditions (> 
363,000 combinations) in a very large area (~ 5,000,000 km2). 
 
Modelling studies, using for example the GEFSOC Modelling System, in these pasture and 
agricultural systems can help us to evaluate the magnitude of these impacts and determine the 
effect of management strategies on pasture and cropland sustainability. Our findings for land 
conversion from forest to pasture/agriculture have important implications, for example, for 
calculating CO2 emissions from land-use change in national greenhouse gas inventories of 
countries such as Brazil. 
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6. THE INDO-GANGETIC PLAINS, INDIA CASE STUDY REPORT 
 
6.1. Background 
 
The Indian portion of the Indo-Gangetic Plains (IGP) extends from 21o45’ to 31o0’ N latitudes and 
74o15’ to 91o30’E longitudes and includes the states of Punjab, Haryana, Delhi, Uttar Pradesh, 
Bihar, West Bengal, Himachal Pradesh, northern parts of Rajasthan and Tripura (Figure 6.1). The 
plains cover a total area of approximately 43.7 Mha and represent 8 agro-ecological regions 
(AERs) and 14 agro-ecological sub-regions (AESRs) (Velayutham et al., 1999; Bhattacharyya et 
al., 2004) (Table 6.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1.  Location map of the IGP, India showing agro-ecological-sub-regions.
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Table 6.1.  Description of Agro-Ecological Regions and Sub-regions of the Indo-Gangetic Plains, 
India. 
AER & 
sub-
region 
No. 
Description Location (State 
and Districts) 
Area 
(‘000 
ha) (%)* 
2 Western Plains, hot arid, LGP <60 days 3112 
(7.1) 
2.1 Marusthali plains, hot hyper-arid, very low AWC, LGP<60 days Punjab    Rajasthan    
358 
(0.8) 
2.3 Kachchh Peninsula, hot hyper-arid, low AWC and LGP <60 
days 
Punjab   
Haryana    
2754 
(6.3) 
4 Northern Plains, hot semi-arid, LGP 90-150 days 13265 
(30.4) 
4.1 North Punjab Plain, Ganga-Yamuna Doab, hot semi-arid, 
medium AWC, LGP 90-120 days 
Punjab   
Haryana   
Uttar Pradesh     
7599 
(17.4) 
4.3 Ganga-Yamuna Doab, Rohilkhand and Avadh Plain, hot moist 
semi-arid, medium to high AWC, LGP 120-150 days 
Uttar Pradesh    5666 
(13.0) 
9 Northern Plains, hot sub-humid (dry), LGP 120-180 days 9763 
(22.3) 
9.1 Punjab and Rohilkhand Plains, hot/dry moist sub-humid 
transition, medium AWC and LGP 120-150 days 
Jammu & 
Kashmir    
Himachal 
Pradesh    
Punjab   
Haryana   
Uttar Pradesh    
3630 
(8.3) 
9.2 Rohilkhand, Avadh and south Bihar Plains, hot dry sub-humid, 
medium to high AWC and LGP 150-180 days 
Uttar Pradesh    
Bihar    
6133 
(14.0) 
13 Eastern Plains, hot sub-humid (moist), LGP 180-210 days 10219 
(23.4) 
13.1 North Bihar and Avadh Plains, hot dry to moist sub-humid with 
low to medium AWC and 180-210 days LGP 
Uttar Pradesh    
Bihar    
8778 
(20.1) 
13.2 Foothills of Central Himalayas, warm to hot moist, high AWC 
and LGP 180-210 days 
Uttar Pradesh    1441 
(3.3) 
15 Bengal Plains, hot sub-humid to humid (inclusions of per-humid, LGP 210-300 days 6641 
(15.2) 
15.1 Bengal Basin and north Bihar Plains, hot moist sub-humid with 
medium to high AWC and LGP 210-240 days 
West Bengal    
Bihar    
5861 
(13.4) 
15.3 Teesta, lower Brahmaputra Plain, hot moist humid to per-humid 
medium AWC and LGP 270-300 days 
West Bengal    
Tripura    
780 
(1.8) 
16 Eastern Himalayas, warm per-humid AER, LGP 270-300 days 216 
(0.5) 
16.1 Foot-hills of Eastern Himalayas, warm to hot per-humid, low to 
medium AWC and LGP 270-300 days 
West Bengal    100 
(0.2) 
16.2 Darjiling and Sikkim Himalayas, warm to hot per-humid, low to 
medium AWC and LGP 270-300 days 
West Bengal    116 
(0.3) 
17 North-Eastern hills (Purvachal), warm, per-humid AER, LGP >300 days 82 
(0.2) 
17.2 Purvachal (Eastern Range), warm to hot, per-humid, low to 
medium AWC and LGP >300 days 
Tripura    82 
(0.2) 
18 Eastern Coastal Plain, hot sub-humid to semi-arid AER, LGP 240-270 days  393 
(0.9) 
18.5 Gangetic delta, hot moist, sub-humid to humid, medium AWC 
and LGP 240-270 days. 
West Bengal    393 
(0.9) 
* % of total area of IGP, India; AWC = Available Water Content in soils; LGP = Length of Growing Period. 
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The IGP covers approximately 13% of the geographical area of India and produces nearly 50% of 
India’s food grains, to feed 40% of the total population of the country. Recent reports on the land 
use and soils of the IGP indicate a general decline in soil fertility (Bhandari et al., 2002; Gupta, 
2003).  Soils that previously had a high nutrient status are now found to be deficient in many 
nutrients. Long-term fertility studies have shown reduction in soil organic matter and other 
essential nutrients (Bhandari et al., 2002; Abrol and Gupta, 1998).  This suggests that the 
biological activity of soils in maintaining inherent soil fertility has reduced over the years of 
cultivation. Thus, chemical fertilizers are used to maintain fertility (Abrol and Gupta, 1998). 
 
The Ganges Valley is 322 to 644 km wide and the river Ganges 2506 m long. The river originates 
on the southern slopes of the Himalayas, 3140 m above mean sea level and flows eastward 
emptying into the Bay of Bengal. The Gangetic Plains consists of four divisions that are 
characterized by very different surface relief. The Bhabar (a narrow belt 8-16 km in width at the 
foot of the Siwaliks) is a pebble-studded zone of highly porous beds, an area where many 
streams terminate. The Tarai belt is marked by an emergence of streams and is moist and 
densely forested. Bhangar are the older alluvial plains, which form alluvial terraces above the 
level of flood plain. Khadar is a younger alluvium resulting from the flood plains of numerous 
rivers. There are other significant features of the IGP, for example the Punjab Plains in the west 
consist of the alluvial deposits of several rivers and the northern part of the plains have witnessed 
intensive erosion in the areas adjoining the Siwalik hills where a network of streams have formed 
enormous gullies. 
 
Climate in the IGP ranges from arid in the west to humid and per-humid in the east (Table 6.1).  
Rainfall ranges from 218 mm in the arid west to 2800 in the east. The summer and winter are 
extreme in terms of both temperature and rainfall in the western part of the IGP and relatively 
moderate in the eastern part. The rainfall occurs mainly during the summer monsoon (80-90% of 
the total rainfall). During the winter the western IGP receives cyclonic rainfall from the 
Mediterranean Sea.  
 
The soils of the IGP comprise of one of most extensive fluvial plains in the world. Over time, 
differences in precipitation have contributed to the formation of a variety of soils in the plains. The 
soils belong to three main soil orders of the US Taxonomy, Entisols, Inceptisols and Alfisols 
(Velayutham et al., 2002). The corresponding groupings in World Reference Base (WRB) classes 
are Fluvisols, Cambisols, Solonetz, Gleysols, Regosols, Luvisols, Arenosols, Calcisols (van 
Engelen and Wen, 1994). 
 
6.2. Data Availability/Acquisition - Site and Regional Scale  
The NBSS&LUP have prepared six data sets required for the final project output. They are 
detailed in the following NBSS&LUP reports: 
 
1. Natural Resource Atlas of the Indo-Gangetic Plains, India (Bhattacharyya et al. 2005a) 
2. Benchmark Soil Series of the Indo-Gangetic Plains (IGP), India (Ray et al. 2005) 
3. SOTER (Soil and Terrain Digital Data base), IGP, India (Chandran et al. 2005) 
4. A Journey through the River Ganges to study the tropical paddy-wheat soils of the Indo-
Gangetic Plains, India (Durge et al. 2005) 
5. Soils, Land use, Management and Climatic data sets of the Indo-Gangetic Plains, India 
for Century and Roth-C modelling (Bhattacharyya et al. 2005b) 
6. Description of a newly added crop database and modified crop files: Indo-Gangetic 
Plains, India Case Study (Bhattacharyya et al. 2005c) 
 
The data sets in these reports were combined to produce a natural resource atlas (Ray et al. 
2005; Chandran et al. 2005) showing different thematic maps on soil-site and other soil 
parameters, climate and land use (Bhattacharyya et al. 2005a). 
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6.2.1. Regional Scale Data 
The IGP, India was selected for the GEFSOC project, due to its importance in terms of 
agricultural activity in India. Much information on soil C content and the impact of management 
was already available for the IGP. This was collated and used as regional model input data. Prior 
to this project, most of the published data sets were scattered between different institutions. A 
publication was, therefore, compiled by NBSS&LUP (ICAR) (Ray et al. 2005). This document 
contains detailed soil and site parameters and climatic data from 36 selected Benchmark sites 
that represent all agro-ecological regions of the IGP (Figure 6.2) (information sources are detailed 
in the list of references). The soil data sets were obtained from published sources such as soil 
survey reports carried out by NBSS&LUP, AISLUS and other soil survey units during the 1970s. 
These sources are detailed by Ray et al. (2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. Benchmark sites and Agro-ecological Regions of IGP. 
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Most areas were surveyed during 1970’s. The rice-wheat cropping system has been in use for 
many years on the soils of the IGP, India. In order to ensure proper future utilisation of these 
soils, a monitoring mechanism and a standardisation of data sets is required. Therefore, the 
information from these 367 soils and sites were collated and put into an international data format 
(Soil and Terrain Database, SOTER) that can be globally utilized allowing the state of resources 
to be monitored (Chandran et al. 2005). Each SOTER database is comprised of two main 
elements, a geographic component and an attribute data component. The geographic database 
holds information on the location, extent, and topology of each SOTER unit – this information is 
managed using a geographic information system (GIS). The attribute database describes the 
characteristics of the spatial unit and comprises both area data and point data – this information 
is handled using a relational database management system (RDBMS). The common approach 
provides the possibility of linking national SOTERs into a global database (further details of the 
rationale behind SOTER are given in Chapter 4).  
 
The 36 Benchmark sites were revisited and sampled during 2004-05 and a new dataset is 
currently under development. This new data set has been partly utilised in this project. An 
accompanying pictorial document has also been produced (Durge et. al. 2005), which will be a 
valuable aid in the visualization and interpretation of current day agricultural scenarios in the IGP, 
India. To model soil carbon in the IGP, it was decided to use the AESR as the basic land 
management unit. The IGP represents 14 AESRs, which have been conceptualized primarily on 
the basis of bioclimatic systems. Climate data used for carbon modelling are therefore included in 
the AESR document of the NBSS&LUP (Velayutham et al. 1999). This information has been 
supplemented with data sets on climate from Mandal et al. (1999) and those of The Indian 
Meteorological Department (IMD), Pune, India.  Details of the sources of climatic data are given 
in Ray et al. (2005) and Chandran et al. (2005). 
 
6.2.2. Site Scale Data 
In order to ensure that the two soil C models could be used effectively in the soils, climate and 
land use found in the IGP, it was necessary to evaluate them using site scale long-term data sets 
(Chapter 4). Evaluation involves running the soil carbon models using inputs from these data sets 
and then seeing if they are able to simulate resultant SOC levels. For this purpose, information 
was collated from 48 long-term fertilizer trials (LTFTs) that have been carried out across the 
Indian IGP (Bhattacharyya et al. 2005b).  
 
Indian Long Term Fertilizer Experiments 
At the beginning of this century, a series of long-term fertilizer experiments were established at 
different locations in India, based on the Rothamsted long-term experimental model (Swarup et 
al., 2000) (Fig 6.3). Experiments were established at 1) Pusa, Bihar in 1908, 2) Shahjahanpur, 
Uttar Pradesh in 1935, 3) Muzaffarnagar, Uttar Pradesh in 1949, 4) Anaka Palle, Andhra Pradesh 
in 1950, 5) Ranchi, Bihar, in 1956, 6) Coimbatore, Tamil Nadu in 1909, 7) Kanpur, Uttar Pradesh 
in 1905 and 8) Indore, Madhya Pradesh in 1947. Unfortunately, some of these experiments were 
either discontinued or seriously altered as they were found inadequate in terms of statistical 
requirements or suffered from some management problems.  However, the trials at Coimbatore 
and Ranchi continue to this day. 
 
Long-term experiments on crop production were also established at various centres under the ‘All 
India Coordinated Model Agronomic Research Project’ in the late 1970s, following the 
introduction of high yielding varieties. The main objective of these experiments was to determine 
the fertilizer needs of a cropping system instead of a single crop.  In these experiments, the focus 
was mainly on developing fertilizer recommendations for cropping systems and crop rotations that 
could then be used by extension workers. Previously such recommendations were based on the 
result of simple fertilizers trials carried out in farmers’ fields. 
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Figure 6.3. Locations of Long-Term Fertiliser Experiments in the IGP. 
Fig 6.1. Locations of the Long Term 
Fertilisers Experiments in the Indo
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The Indian Council of Agricultural Research launched the All India Coordinated Research Project 
on Long-Term Fertilizer Experiments in September 1970, with the aim of carrying out a 
comprehensive study of the fertilizer requirements of high productivity systems at 11 different 
centres. The centres were located in irrigated, intensively cropped areas representing different 
agro climatic regions.  On Inceptisols, these are located at 1) Barrackpore, West Bengal, 2) 
Bhubneswar, Orissa, 3) Coimbatore, Tamil Nadu, 4) Delhi, New Delhi, 5) Hyderabad, Andhra 
Pradesh and 6) Ludhiana, Punjab.  Some of the experiments were on rice-based systems and 
others on maize, wheat or finger millet based systems.  Three experiments were established on 
Alfisols at 7) Palampur, Himachal Pradesh, 8) Ranchi, Bihar and 9) Bangalore, Karnataka and 
one each on Vertisols at 10) Jabalpur, Madhya Pradesh; Vertic Ustropept at 11) Coimbatore, 
Tamil nadu; Mollisol at 12) Pantnagar, Uttar Pradesh.  Six more centres were established during 
1995-96 to represent additional agro climatic regions one each at 13) Akola, 14) Junagadh, 15) 
Parbhani, 16) Pattambi, 17) Raipur and 18) Udaipur. 
 
Trials Selected for Model Evaluation 
The results of many of the trials mentioned above have been published (Abrol et al. 2000). 
However, for the purposes of this project only two sites were found to have readily available, 
adequate data for all of the parameters needed for model evaluation (soil carbon, soil fraction, 
bulk density, crop yields and management practices) with all of others either lacking the detailed 
soil data needed to carry out model runs or data not being available for use in this project. Two of 
the trials did have had adequate soil and crop data to allow model simulation. These were trials 
14/15 in Fatehpur/Ludhiana, Punjab, and Trial 4, Barrackpore, West Bengal (the trials are titled 
according to the order of listing in Singh et al. (2004a)). These two sites also happened to be 
located in contrasting climatic areas, with Barrackpore being in a humid area and Ludhiana being 
in a semi arid area (Bhattacharyya et al., 2004).    
 
Trial 4., Barrackpore, West Bengal was carried out over a 26 year period (1972-1998) 
(Bhattacharyya et al., 2005a; Reddy et al., 2003; Saha et al., 2000). Climate in the area is humid 
(MAR >1600 mm). Average maximum and minimum temperatures during the experimental period 
were 31°C and 21°C respectively (Saha et al 2000). Three crops were grown in rotation, jute 
(Corchorus capsularis L.), rice (Oriza sativa L.) and wheat (Triticum aestivum L.). The trial 
involved eight different management strategies involving different combinations of chemical 
fertilizer and farm yard manure (FYM). Chemical fertiliser application rates were based on 
percentages of the recommended doses for rice wheat and jute. The recommended dose (100%) 
for rice and wheat was 120 kg ha-1 N, and for jute was 60 kg ha-1 N.  Five of these management 
strategies were chosen for model evaluation (Table 6.2) on the basis that they were most 
representative of current practices found in India. Bulk density for all treatments was taken as 1.3 
Mg m-3. Further details of the trial can be found in Saha et al. (2000) and Reddy et al., 2003. Soil 
carbon data was reported for depth 0-22.5 cm. Reported soil carbon data was adjusted for 
comparison to Century simulated depth of 20 cm by multiplying by 0.89 (the ratio of 20:22.5).  
 
Trial 14/15 is characterized by a semi-arid dry climate (MAR, 680 mm), and was conducted for 9 
years (1988-1996) at the farm of The Punjab Agricultural University, Ludhiana (Punjab, India) with 
a rice-wheat cropping  rotation (Singh et al., 2004b, Singh et al. 2000).  Soil at the site is a 
Fatehpur loamy sand (Typic Ustipsament). Mean monthly maximum air temperature ranges from 
19°C in January to 38°C in June and minimum between 5°C in January and 25.6°C in July (Rekhi 
et al 2000). These two trials include different management strategies involving different 
combinations of chemical fertilizer (based on % applications of the recommended dose), FYM, 
green manure (GM) and wheat straw (WS). Further details are given in Rekhi et al. (2000) and 
Nayyar and Chibbha (2000). Seven management strategies were chosen from these trials, on the 
basis that they were representative of current practices in the Indian IGP (Table 6.2). Measured 
soil carbon data was reported for depth 0-15cm. Reported soil carbon data was adjusted for 
comparison to Century simulated depth of 20cm by assuming a declining soil C value with depth 
and multiplying reported values by 1.17 (that is, the depth 15-20cm was assumed to have an 
amount approximately equal to 1/6 of the value found in the 0-15cm sample).  
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Table 6.2.  Experimental descriptions of the two trials used for model validation in the IGP. 
  Region Crop Rotation Trial number N application  
kg ha-1  
Jute-Rice-Wheat 
West Bengal – Barrackpore jute-rice-wheat 4-1 control 
West Bengal – Barrackpore jute-rice-wheat 4-2 30-60-60  
West Bengal – Barrackpore jute-rice-wheat 4-4 90-180-180  
West Bengal – Barrackpore jute-rice-wheat 4-5 60-120-120 +FYM 
West Bengal – Barrackpore jute-rice-wheat 4-8 60-120-120  
   N application rice 
only * 
Punjab – Ludhiana rice-wheat 14/15-1 control 
Punjab – Ludhiana rice-wheat 14/15-2 150N 
Punjab – Ludhiana rice-wheat 14/15-3 52N, +GM 
Punjab – Ludhiana rice-wheat 14/15-4 150N, +WS 
Punjab – Ludhiana rice-wheat 14/15-5 52N, +GM, +WS 
Punjab – Ludhiana rice-wheat 14/15-6 62N, +FYM 
Punjab – Ludhiana rice-wheat 14/15-7 FYM, +GM 
N.B. FYM = 5.8 Mg/ha dry matter addition from farmyard manure. GM = Green manure. WS = Wheat Straw.   
*N amounts for Ludhiana apply to rice only, N was added to wheat at a standard rate of 90 kg ha-1 for all treatments in 
Ludhiana. 
 
Data from these two trials were used to validate the models in terms of the effects of these 
management regimes on soil organic carbon and production values for rice and wheat in the IGP. 
Crop productivity data from the remaining trails was utilised to assess the accuracy of crop 
production in the Century model. 
 
6.3 Model Evaluation (Field scale) 
 
An evaluation was carried out to determine the ability of the Century model to estimate changes 
in soil carbon in the IGP. Climate, crop and soils data, at the field scale, were collated from two 
long-term fertilizer trials (LTFT) located in the IGP, India (Section 6.2.2) (Figure 6.3) 
(Bhattacharyya et al. 2005b). The treatments were selected to evaluate the performance of 
Century, based on different rates of N fertilizer and FYM in the trials from geographically distinct 
regions of the country. The modelled SOC and yield data were compared with actual SOC and 
yield obtained in LTFTs. Whereas there are many experimental trials underway in the IGP (as 
described previously) these were the only two for which (at the time of writing this report) 
complete data sets were available for soil carbon, soil fraction, bulk density, crop yields and 
management practices.  
 
The ability of the Century model to predict changes in SOC turnover depends largely on the plant 
productivity sub-models, which determine plant production and returns to the soil. Hence, we 
emphasized trying to match modelled plant production with measurements from the field.   
 
Comparisons of modelled vs. reported yields from these 2 trials were used to calibrate crop input 
parameters in the crop.100 file for the Century model, to optimize the correlation coefficient and 
regression statistics. 
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Data from the remaining trials for which no soil C measurements or soil fraction data were 
available were evaluated for a general “order-of-magnitude” validation of the dominant crops used 
in Century, however, no statistics are presented as the lack of critical soil physical and chemical 
parameters hampers the ability of the model to precisely simulate plant production. 
 
6.3.1 Results  
Actual and Modelled Yield for the 2 Trials 
Reported crop yields vs modelled crop yields for three major crops from two agricultural 
experiment sites (Ludhiana and Barrackpore) of the IGP are shown in Figure 6.4. At Ludhiana, 
rice and wheat were grown in rotation. Rice, wheat, and jute were grown in rotation at 
Barrackpore. The correlation coefficient was 0.88.  Regression statistics indicate that for these 
three crops in these experiments, production is slightly overestimated by 10.6%.  This is actually 
a desired result, as there are crop losses in the field at the time of harvest that range from 5-10%, 
but which are not accounted for in the reported crop production (Hanna and Fossen 1990, NDSU 
Extension Service 1997, Shay et al. 1993, Beasley 2005, Hofman 1978).  At the highest 
production levels experienced at these trials, the Century model tends to reach an upper 
production ceiling for rice and wheat.  We are seeking additional information on measured C/N 
ratio and other physiological measurements from the IGP experiments, in order to modify the 
parameters in the Century input files to improve this relationship. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4.   Modelled vs. reported yield from the Century model for two long-term fertilizer trials 
in the Indo-Gangetic plains, India. 
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Whilst evaluating the performance of Century, it was found that there were no specific crop 
parameters for many of the minor crops grown in different parts of the IGP, India. Crops for which 
parameters existed were rice, wheat, sugarcane, potato, jute, cotton, onion and tomato. However, 
even these crop files had associated management parameters (sowing/planting time, irrigation, 
addition of fertilizer and FYM, yield and method of harvesting) that were different from those used 
in the Indo-Gangetic Plains. In light of this, a database was developed for crops grown 
extensively in the IGP (Bhattacharyya et al. 2005c). These crops include cereals, pulses, 
oilseeds, horticultural crops, fibre crops, cash crops and forage crops. Altogether information on 
42 crops was compiled and the relevant input parameters were modified.  
 
Actual and Modelled SOC 
Results of the Century modelling are shown in Figures 6.5 – 6.7 below. Figures 6.5 and 6.6 show 
the trajectory of soil carbon through time for the two trials that were modelled. Figure 6.7 shows 
the modelled vs reported differences in treatment effects for both trials. Treatment effects were 
calculated as pair-wise differences between observed SOC for each treatment mean and the 
value of the control, within each experiment. No model validation work was completed for the 
RothC model in the IGP treatments, although work is ongoing at this time to complete the RothC 
validation for these trials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NB +N = nitrogen fertilizer amendments (kg/ha) to rice, FYM = farmyard manure additions (5.8 T ha-1 dry matter), GM = 
green manure retained on the plots, WS = wheat straw left on the plots. 
 
 
 
Figure 6.5.  Results from modelling the fertilizer trials No.14/15 at Ludhiana, Punjab, India.   
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NB +N = nitrogen fertilizer amendments (kg/ha) to rice, FYM = farmyard manure additions, (5.8 T/ha dry matter). 
 
Figure 6.6.  Results from modelling the fertilization trials No.4 at Barrackpore, West Bengal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7.  Differences in treatment effects (modelled vs reported) for Trials 4 and 14/15.  
Correlation coefficient for the comparison is 0.86. 
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year to year, especially in the farmyard manure experiment, suggest an external factor was 
influencing the data. Whether this was a genuine environmental effect or was due to differences 
in sampling protocols cannot be determined from the available information. Trial 4 involved a 
rotation of jute, wheat and rice that was carried out in a humid climate. Throughout the IGP 
cultivation practices vary considerably. As described above, modifications were made to the 
Century crop input files for the rice, wheat and jute to make them better reflect cultivation 
practices in the humid area of the Indian IGP. Utilising data from additional trials, when those data 
become available, will provide a better basis to validate the model and, where appropriate, 
improve the precision of the model input parameters and hence the accuracy of the model 
results. 
 
6.4 Land Use Scenarios Current and Future 
Historically the IGP has been the most productive area of the Indian sub-continent and remains 
so today, being predominantly used for crop production. Some soils in the region have a history 
of cultivation going back thousands of years. As part of the project it was necessary to build land 
use/management sequences for the IGP, India covering historical, current and future use. The 
modelling system could then be run for these sequences and current and future SOC stocks 
projected. As the IGP is predominantly cropped, historical and current land use could be 
determined using agricultural statistics describing the area under major crops and the amount of 
production at different points in time.  
For modelling purposes agro-ecological sub-regions (AESR) were chosen as units. This 
produced a manageable number of model runs. Where available, district level data was used. 
District level agricultural statistics were available for 1979-1999 for all of the major crops. This 
data was amalgamated to give AESR information. In the case of districts that were only partially 
in the IGP, a relevant percentage of area/production was used. For the time periods where district 
level data was not available, state level information and or expert opinion was used.  
Information on changes in land use and land management was needed for all 14 agro-ecological 
sub-regions (AESRs) in order to carry out the model runs. However, many AESRs were very 
similar in terms of bioclimatic characteristics and historical land use. Therefore, given the 
constraints of time it was decided to use three representative AESRs: namely 4.1, 9.2 and 15.1 
with AESR 4.1 representing AESRs 2.1, 2.3 and 4.3, AESR 9.2 representing AESRS 9.1, 13.1, 
13.2 and AESR 15.1 representing 15.3, 16.1, 16.2, 17.2, 18.5 (Table 6.1). Detailed management 
and land use change diagrams were constructed for these 3 representative AESRs indicating 
characteristics in terms of crop rotation and management sequences adopted over time.  
Four time periods were used; base, recent, current and future. Current and future covered 1976 - 
2004 and 2005 – 2030 respectively. Base and recent varied depending on available information 
and major land use changes known to have happened during that time. A management tree 
diagram is presented for AESR 15.1, showing how the proportion of land under different use 
changed over time (Figure 6.8).  The management sequence diagrams for AESR’s 19.2 and 4.1 
were too large to include in this document, however an over view of the major land uses occurring 
during the four time periods for AESR’s 19.2 and 4.1 are given in sections 6.4.1 – 6.4.2 and the 
crop rotations used in the management sequence diagrams are presented in Tables 6.3 and 6.4. 
Future land use projections (2005 – 2030) were based on information from the ‘Vision 2020’ 
document produced by the Indian Government and recent FAO projections of changes in 
agricultural production and cropped area. Vision 2020 presents an estimate of the increase in 
irrigated area, cropped area etc. that will be necessary to feed the projected population of India in 
2020. The document gives a ‘business as usual’ and a ‘best case’ scenario. For the purposes of 
the GEFSOC Project a BUS scenario was used. The FAO publication gives projected increases 
in crop production/cropped area based on extrapolation of current trends and predicted 
population increases. 
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6.4.1 Major Land Uses for AESR 4.1 
¾ Base period (1851- 1900) 
 Base = Annual grain production  
Continuous rice cultivation, no fertilization, very little FYM, cultivation with indigenous 
bullock driven plough, rain-fed, no irrigation, single crop in a year, land kept fallow for the 
remaining time. 
¾ Recent period (1900 - 1975) 
 Recent 1 (1900 - 1940): Cultivation of corn, rice, wheat, cotton, sugarcane and sorghum; 
only one crop in a year, remaining time land is kept fallow; only life saving irrigation for 
sugarcane. 
 Recent 2 (1941-1966): Introduction of irrigation, beginning of double cropping (2 crops in 
a year) in a year; rice, wheat, cotton, corn (maize) and soybean grown continuously, 
sugarcane grown as a single crop, berseem clover as fodder; no fertilization, some FYM 
application, flood irrigation. 
 Recent 3 (1967 - 1975): Beginning of the green revolution in India - high yielding, dwarf, 
early maturing, insect and pest resistant rice and wheat varieties made available. A more 
scientific way of farming begins with agricultural university recommended fertilizer, 
irrigation and plant protection schedules. Dominant cropping systems: rice - wheat, corn - 
wheat, cotton - mustard, cotton - berseem, soybean. 
¾ Current period (1976 - 2004) 
 Current 1 (1976 - 1995): Rice-wheat crop rotation dominates. In places 2 crops in a 
rotation begins. 
 Current 2 (1996 - 2004): A host of vegetable crops and oilseed crops dominate the 
winter season with rice as the main crop, rice-wheat crop rotation remains dominant. 
Scientific way of cultivation begins. 
¾ Future period (2005 - 2030): Almost all parcels of land are utilized for 3 crop rotations. The 
rice-wheat system remains dominant. 
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Table 6.3. Crop rotations in Agro-Ecological Sub-Region (AESR) 4.1, in the Indo-Gangetic Plains, 
India. 
 
Sl. No. Crop Rotations Crop details 
1 CPW Corn-Potato-Wheat 
2 CtBm Cotton-Berseem 
3 CtM Cotton-Mustard 
4 CW Corn-Wheat 
5 FBm Fallow-Berseem 
6 FC Fallow-Corn 
7 FCt Fallow-Cotton 
8 FR Fallow-Rice 
9 FS Fallow-Sorghum 
10 FSg Fallow-Sugarcane 
11 FW Fallow-Wheat 
12 RBm Rice-Berseem 
13 RCbBr Rice-Cabbage-Brinjal 
14 RCfT Rice-Cauliflower-Tomato 
15 RcrOk Rice-Carrot-Okra 
16 RGT Rice-Garlic-Tomato 
17 RM Rice-Mustard 
18 ROOk Rice-Onion-Okra 
19 RPCp Rice-Potato-Cowpea 
20 RRdBr Rice-Radish-Brinjal 
21 RW Rice-Wheat 
22 RWBm Rice-Wheat-Berseem 
23 RWMg Rice-Wheat-Moong 
24 SW Sorghum-Wheat 
 
 
 
6.4.2. Major Land Uses for AESR 9.2 
Management sequences 
¾ Base period (1700 - 1825) 
 Base = Annual grain production 
Rice cultivation, no fertilizer added, very little FYM, cultivation with indigenous bullock 
driven plough, rain-fed, no irrigation. Single crop in a year, remaining time lands are kept 
fallow. 
¾ Recent period (1826 - 1975) 
 Recent 1 (1826 - 1900): Cultivation of rice, wheat, cotton, sugarcane and sorghum. 
Usually one crop grown in a year. In places sorghum rotated with wheat. Only life saving 
irrigation for sugarcane. 
 Recent 2 (1901 - 1940): Indigenous varieties of rice-wheat grown, usually as mono-
crops. Double crops grown with rice as the major crop. No fertilizer added, only FYM. 
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 Recent 3 (1941 - 1966): Introduction of irrigation, beginning of double cropping in more 
areas, no fertilizer added. FYM applied, flood irrigated. 
 Recent 4 (1967 - 1975): Beginning of green revolution in India - high yielding, dwarf, 
early maturing, insect and pest resistant rice and wheat varieties made available. A more 
scientific way of farming begins with agricultural university recommended fertilizer, 
irrigation, plant protection schedules introduced. Rice - wheat, cotton - mustard, cotton - 
berseem, soybean - wheat are the dominant crop rotations. 
¾ Current period (1976 - 2004) 
 Current 1 (1976 - 1995): Rice-wheat crop rotations dominate. In places sugarcane, corn, 
soybean and berseem are grown. Rice-rice rotations are found in a few places. 
 Current 2 (1996 - 2004): Three crops in a rotation begins. Rice-wheat rotation 
dominates. 
¾ Future period (2005 - 2030): To meet the growing demand for food more than 2 crops in a 
rotation is envisaged. 
 
 
 
Table 6.4. Crop rotations in Agro-Ecological Sub-Region (AESR) 9.2, in the Indo-Gangetic Plains, 
India. 
 
Sl. No. Crop Rotations Crop details 
1 CW Corn-Wheat 
2 FBm Fallow-Berseem 
3 FGFt Fallow-Grass-Forest 
4 RBm Rice-Berseem 
5 RBmW Rice-Berseem-Wheat 
6 RCb Rice-Cabbage 
7 RCf Rice-Cauliflower 
8 RCr Rice-Carrot 
9 RFd Rice-Foder berseem 
10 RG Rice-Garlic 
11 RM Rice-Mustard 
12 RO Rice-Onion 
13 RP Rice-Potato 
14 RRd Rice-Radish 
15 RW Rice-Wheat 
16 SW Sorghum-Wheat 
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Figure 6.8. Management sequence tree diagram for IGP, India (AESR 15.1).  
 
N.B. System Key: FR=Fallow-Rice; RW=Rice-Wheat; RR=Rice-Rice; RMR=Rice-Mustard-Rice; RPR=Rice-Potato-Rice; The number next to each path indicates the proportion of the previous area 
going into that land use.   
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6.5 . Regional C Stocks, Current and Future 
 
6.5.1. Total SOC Stocks 
Land areas devoted to different cropping systems in the IGP are shown in Figure. 6.9. 
 
 
 
 
 
 
 
 
 
Figure 6.9. Area in the IGP under different cropping systems. 
 
This scenario involves a marked increase in crop intensification from double-cropping systems 
that include rice going to rice-wheat and triple-cropping systems that include rice.  There is a 
significant trend in the IGP toward crop diversification in triple-cropped systems, with the 
introduction of vegetable, oilseed, fibre, and forage crops into rotations between the dominant 
crops of rice, wheat and potatoes.  The small areas of land remaining in fallow-rice and pasture-
forest systems are predicted to be converted into other cropping systems by 2030. In addition 
land in other crops (largely rotations of cotton with other crops) is expected to remain 
approximately the same throughout the modelling period. 
 
 
 
 
 
 
 
 
 
Figure 6.10.  GEFSOC Modelling System SOC stocks from the different models and method 
available in the system1.  
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1At the time of writing, we are conducting further QA/QC analyses on the RothC estimates of SOC stocks estimates which are 2-
3 times greater than Century or IPCC values. We are investigating possible data management or I/O errors in the program. Until
these issues are resolved, we are setting aside analysis of the RothC model results for the IGP 
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Soil C estimates from the IPCC method show little change over time (Figure 6.10.). As the 
method relies on classification of land area into distinct management and land use categories to 
determine C stocks, changes in SOC are driven by changes in the area distribution of land use 
systems over time. There is relatively little land use change in the IGP over the modelling period, 
as most land has been in and remains in intensive agricultural uses and is not changing into other 
uses.  Hence, using global default parameters as the basisi for classifying management systems 
under the IPCC method, most land remains under the same or very similar classification 
throughout the period considered.   
 
The Century model predicts that there will be a 21.3% decrease in SOC stocks in the IGP from 
1967 to 2030, with a dynamic equilibrium having been reached by about 1990 and relatively little 
change from there to 2030 (Figure 6.10.). 
 
The SOC stocks predicted by the RothC model for this scenario are exceptionally high, exceeding 
60 Tonnes/ha on average by 2030.  At the time of writing the authors believe there may be 
underlying and undiscovered issues associated with how the RothC model is implemented in the 
GEFSOC system for the IGP.  These issues may have led to an overestimation of soil C stocks in 
this region.  Until these issues are resolved, the authors are setting aside analysis of the RothC 
model results for the IGP. 
 
SOC stocks simulated by the Century model are shown in Figure 6.11.  Three of the AESR’s (4.1, 
9.2, and 13.1) dominate SOC stocks in the region being responsible for 69% of the total.  Of the 
remaining AESR’s, six of them (AESR 2.1, 13.2, 15.2, 16.1, 16.2, 17.2, and 18.5) have negligible 
SOC stocks compared with the others, representing less than 1% of the total. 
 
 
 
 
 
 
 
 
 
 
Figure 6.11.  SOC stocks simulated by the Century model, by AESR in the IGP. 
 
6.5.2 SOC Stocks by Cropping System 
 
The SOC stocks for the three dominant classes of cropping systems are shown in Figure 6.12.  
They include rice-wheat, double-cropping (other than wheat) with rice, and triple-cropping with 
rice. Double-cropping refers to crop rotations with two crops grown in a single year and triple-
cropping refers to crop rotations with three crops grown in a single year. 
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Figure 6.12.  SOC stock trends in dominant cropping system classes by AESR in the IGP. 
 
GFESOC Century model simulations suggest that the SOC in double-cropping systems that 
include rice in AESR’s 9.1, 9.2, and 13.1 will drop, due to shifts into other cropping systems and 
losses of soil C resulting from cropping intensification.  SOC stocks in rice-wheat systems in 
those AESR’s will increase substantially.  AESR’s 2.3, 4.1, and 4.2 will see substantial decreases 
in SOC stocks from rice-wheat systems as lands are shifted out of rice-wheat and into triple-
cropping systems that include rice. 
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6.5.3. GIS Analysis of SOC Stocks 
 
SOC stocks predicted by Century, on a Tonnes-per-hectare basis, are shown in the maps in 
Figures 6.13a, 6.13b and 6.13c for 1990 to 2030. 
 
SOC Stocks (Tonnes/ha) in 1990 
Indo-Gangetic Plain, India 
 
Figure 6.13a. SOC stocks predicted by the Century model in the IGP in 1990. 
 
Geographic analysis of the stocks and change rates indicate a number of contrasting effects that 
are occurring throughout the region.  In the lower IGP, cropping intensification has led to 
reductions in SOC values in sandy, poorly drained soils.  In contrast to this, the central IGP has 
seen an increase in SOC in more clayey soils, as has the upper IGP. 
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Figure 6.13b. SOC stocks predicted by the Century model in the IGP 2000. 
Figure 6.13c. SOC stocks predicted by the Century model in the IGP in 2030. 
 
 
 
SOC Stocks (Tonnes/ha) in 2000 
Indo-Gangetic Plain, India 
 
SOC Stocks (Tonnes/ha) in 2030 
Indo-Gangetic Plain, India 
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6.6  Comparison of Current SOC Stocks With Outcome From 
Existing Methods 
 
Two previous studies estimated SOC inventories in the IGP. Bhattacharrya et al. (2004) assessed 
SOC stock from soil survey data conducted during 1980 for the entire IGP. The same benchmark 
spots were revisited during the GEFSOC Project and fresh samples taken. Data from these 
samples were used to estimate SOC stocks using a mapping approach, for 2005.  Batjes (in 
press) used published soil series data in combination with the SOTER database for the IGP to 
estimate soil C stocks from 1990.  The results of these, compared with the estimated SOC stocks 
from the GEFSOC Modelling System from 2000, are shown in Table 6.5. 
 
 
Table 6.5.  Soil organic carbon stock estimates for the IGP, India. 
 
Study System Method Yr of Stocks SOC Stock (Pg) 
Bhattacharrya 
et al. 2004 
Soil survey data 
from 48 benchmark 
spots 
Extrapolation from 
benchmark 
measurements 
 
1980 0.66 (0-20cm) 
Resampling of 
soil survey 
sites 
Soil survey data Extrapolation from 
benchmark 
measurements 
2005 0.88 (0-20cm) 
Batjes (in 
press) 
Soil survey Extrapolation from 
Soil Survey 
1990 0.572 - 0.587 
(0-30cm) 
GEFSOC IPCC Soil, climate, and 
land use 
classification 
method 
 
2000 0.970 (0-30cm) 
GEFSOC Century model Model Simulation 2000 1.32 (0-20cm) 
 
The various methods suggest soil C stocks in a range of 0.572 to 1.38 Pg, a relatively broad 
range. There are a variety of different approaches to conducting SOC inventories and 
assessments with advantages and disadvantages for each (CAST 2004). These, as well as other 
factors are described in Table 6.6. 
 
Several options could be used to narrow the range of SOC estimates for the IGP.  Expanding the 
sample size of direct measurements, while assessing landscape-level variability in the areas that 
benchmark measurements are intended to represent, may allow assessment of the inherent 
variability in this method and also allow general statistical analysis of the findings.  Expanding the 
number of trials used in the verification and validation data sets used in the modelling approach, 
while utilizing land use and land management information from more diverse regions may allow 
further refinement of the inputs to the GEFSOC Modelling System and hence improve the output. 
Refinement of the land use, soil C stock and land management factors in the IPCC method, using 
specific research results from the IGP, may improve GEFSOC IPCC estimates. 
 
Perhaps more important than actual stock values is a consideration of SOC change rates that the 
GEFSOC system provides for the IGP. While land management has change substantially, land 
use throughout the IGP is very intense and has not changed significantly over the 40 years that 
this study attempts to characterize. The region has been in and is expected to stay in intensive 
agricultural production, with very little land moving out of production into and vice versa.   
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Table 6.6.  Soil organic carbon inventory and assessment methods. 
 
METHOD Advantages Disadvantages 
Direct Measurement -  Offers tangible results and 
quality checks not available 
in other methods. 
-  Can be effective for 
relatively small areas or 
where large budgets allow 
large sample sizes. 
-   Large sample size 
generally required for 
accurate estimates 
-  Requires standardized and 
carefully monitored methods 
-  Does not account for 
inherent variability in land use 
-  Is not predictive 
   
SOTER/Survey Approaches - Allows integration with GIS-
based approaches 
- Allows utilization of existing 
data sets 
-  Dependent upon underlying 
data sets 
-  Does not account for 
variability in land use 
-  Is not predictive. 
   
GEFSOC Model Simulation -  Accounts for variability in 
land use 
-  Allows predictions through 
scenario assessment 
-  Can be applied over small 
or large areas. 
-  Can be based upon actual 
land use and management 
statistics. 
-  Simulates specific cropping 
systems and allows 
assessment of sustainability. 
-  Quality analysis depends 
on having verification and 
validation data sets. 
-  Subject to the limitations of 
the models used. 
-Requires more resources 
than simpler empirical 
methods. 
   
IPCC Classification -  Relatively simple to 
accomplish with existing data 
sets 
-  Allows general assessment 
over large land areas 
-  Allows predictions based 
on land use and land 
management scenarios. 
- May not account for 
variability in land use 
-  Often too general to allow 
prediction through scenario 
assessment 
 
The Century and RothC models present a somewhat different picture. The Century results 
suggest that SOC stocks declined following the intensification of management associated with the 
Green Revolution (e.g. more tillage, less resting fallow), despite the increase in crop yields. 
Results stabilized in the region around the year 2000 and declined somewhat by 2030. The 
decrease is not surprising, as intensification and increased tillage appears to have overcome 
higher C inputs from greater yields and additions of organic matter amendments. The trend 
toward greater intensification (with triple-cropping in many areas by 2030) appears to be the 
cause of a predicted small decline in SOC between 2000 and 2030. Analysis of the cropping 
systems suggests some of the mechanisms for this change, as follows: 
  86
 
- In nearly all cases, the third crop that is grown in these systems is a short-
season forage, vegetable, fibre or oilseed crop that is grown between the rice 
and wheat crops. 
- The crops largely tend to be low in production, particularly the vegetable and 
oilseed crops. 
- Nearly all above-ground biomass is removed at the time of harvest, and the 
crops are accompanied by an additional round of intensive soil tillage 
operations (typically a moldboard plough).   
- If this third crop is a root crop, another additional soil disturbance occurs at the 
time of harvest. 
 
This combination of low production, intensive tillage and low crop residue inputs appears to 
overcome the advantages to SOC that might come from intensification. 
 
RothC suggests that soil C values are increasing over the time period from 1990 to 2030.  
However, in assessing these values one must consider the fact that the RothC model does not 
account for tillage effects.  If account were to be taken of the intensive tillage effects practiced on 
the IGP, the area would likely show a stabilization or decrease in SOC. 
 
 
6.7.  Discussion and Conclusion 
 
A key question that has been raised during the IGP case study in this project is whether the rice-
wheat crop production systems utilized on the IGP are sustainable from the standpoint of SOC. 
For example, in the lower IGP (towards West Bengal), the modelling system suggests that SOC 
stocks under rice-wheat or rice-potato cropping systems stabilized or were slightly decreasing or 
increasing in 2000, yet in contrast in the upper IGP (toward Punjab) the system suggests that 
cropping rotations were still increasing SOC in 2000. 
 
However, other trends in land management complicate this picture.  Intensification of cropping 
systems towards triple-cropping will likely reduce SOC stocks.  SOC loss under such systems 
might be mitigated or even improved by adopting reduced tillage or no-tillage systems, with 
subsequent improvements in soil structure and other associated benefits that would result. 
 
Factors that were not specifically addressed in this study, such as salinisation of irrigation water 
and salt- or carbonate-affected soils, are likely to affect crop production in the IGP.  Factors that 
reduce crop production or cause farmers to move from high-input double-cropping systems to 
low/moderate input single-cropping systems may result in further drops in SOC. These factors 
may be addressed in further scenarios to be modelled in the GEFSOC Modelling System in the 
future. 
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7. KENYAN CASE STUDY REPORT 
 
7.1. Background 
 
7.1.1. Introduction 
 
Kenya ratified the United Nations Framework Convention on Climate Change (UNFCCC) on 30th 
August 1994 thereby signifying her determination to join the international community in combating 
the problem of climate change (GoK, 2002). Policies for sound environmental management, 
sustainable use of resources and appropriate responses to climate change are articulated in a 
number of official documents. The sector specific policies relevant to adaptation and mitigation of 
climate change include those for agriculture, forestry, population, energy, water and 
industrialization. The Environmental Management and Co-ordination Act (EMCA) of 1999 is a 
framework legislation with provisions for economic incentives, enforcement mechanisms, 
protection and conservation of the environment, environmental quality standards (including issues 
relating to emissions), impact assessment and modalities for implementing international treaties, 
conventions and agreements. 
 
Article 4 of the UNFCCC requires parties to develop, update periodically and submit to the 
Conference of the Parties, national inventories of all anthropogenic greenhouse gas (GHG) 
emissions not controlled by the Montreal Protocol, to the extent that their capacities permit, using 
comparable methodologies agreed upon by the conference of the parties. Kenya being a 
signatory to the UNFCCC undertook a study on climate change in 1992, which was updated later 
in 1994. The studies developed the inventory of GHG from five sectors: energy, land use change 
and forestry, agriculture, industrial processes and waste management using the revised IPCC 
guidelines (1996) for national gases inventories.  
 
In the 1994 study, the gas emissions covered included:- carbon dioxide (CO2, 4522.8 Gg) 
methane (CH4, 750 Gg, with highest emissions from the agricultural sector, 148 Gg) and Nitrous 
oxides (N2O, 1.3 Gg) from the energy sector (Figure 7.1). Gases emitted with indirect GHG effect 
included; oxides of nitrogen, NOx (50.9 Gg), carbon monoxide (CO) (1645.3 Gg) and non-methyl 
volatile organic compounds (NMVOC) (6.0 Gg). Kenya is a net carbon dioxide sink, absorbing 
approximately 22,751 Gg, CO2 per annum. This is attributed to regeneration of forest and non-
forest trees. Methane emissions are largely from the agriculture sector, followed by the energy 
sector. The contribution of the waste sector was small due to the open nature of disposal 
methods. 
 
Carbon dioxide is the major greenhouse gas emitted in Kenya. More than 65% of CO2 emitted is 
from the transport sector, which is the largest consumer of petroleum products in Kenya. The 
second largest source of carbon dioxide (CO2), is the industrial sector, mainly cement production. 
The agricultural sector (including livestock production) is the major emitter of methane (over 70%) 
followed by the energy sector. Although synthetic fertilizers can be a source of nitrous oxide, their 
total emission is low due to limited use of fertilizers in the country. 
 
Mitigation Options 
Attaining the ultimate objective of the Convention requires the participation of all parties in 
reducing GHG emissions and enhancing sinks. Kenya is currently a net sink. However, with 
increasing economic development and as the country works to attain its goal of industrialization 
by the year 2020, GHG emissions will increase (GoK, 2002). On the other hand, the sink capacity 
of the country is decreasing, as reforestation programmes have not kept pace with deforestation. 
On a global scale, Kenya’s contribution to global GHG emissions is negligible, however the 
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country is concerned with the protection of the local and global environment as the country is 
extremely vulnerable to the impacts of climate change. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Figure 7.1. Contribution of various Green house gases to Kenya’s GHG inventory 1994. 
 
7.1.2. The Country 
 
Kenya covers an area of ~ 582,000 km2 and lies between latitudes 50 North and 50 South and 
between longitudes 340 and 420 East on the east coast of Africa. The equator bisects the country 
in almost two equal parts. The altitude varies widely from sea level to ~ 5000 m above sea level 
in the central highlands.  
 
Kenya is endowed with a variety of habitats and ecological systems, including diverse wildlife, 
forests, lakes and rivers, wetlands, farmlands, vegetation, marine life and micro-organisms. 
Biological diversity is crucial for ecological stability and impacts regulation of climate, economic 
development, recreation, development of medicines, socio-cultural development and scientific 
advancement (GoK, 2002). Protection of ecosystems and plant diversity has the potential of 
enhancing climate change mitigation capacity. Forest ecosystems represent an important 
component in carbon sequestration and conservation. Forests can store 20 – 100 times more 
carbon than other vegetation types on the same land area, or around 30 – 60 tons of carbon per 
hectare (GoK, 2002). The forestry sector is a major contributor of GHG exchanges in Kenya 
(GoK, 2002). 
 
Agriculture is the mainstay of Kenya's economy and plays a critical role in national economic 
growth, development, employment and foreign exchange creation. Its overall contribution to the 
Gross Domestic Product (GPD) decreased from 37 % in the early 1970,s to about 25 % at the 
end of 2000, however, it is still a major part of the economy, a trend that is likely to continue. Of 
Kenya's 44.6 million hectares of land, only ~ 8.6 million hectares (18 %) are medium to high 
potential agricultural land (Government of Kenya, 1997). Lakes occupy ~ 2 % of the total area. 
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The rest (~ 80 %) is arid to semi-arid (ASAL) (Figure 7.2) and supports 25 % of the human 
population and 50 % of the total livestock population. 
 
 
 
Figure 7.2. Agro-climatic zones of Kenya. 
 
Declining soil productivity has been reported as a major constraint on crop production in the semi-
humid areas of Kenya (Nandwa et al., 2000). This has been attributed to:- 
(i) Continuous cropping  
(ii) Inadequate crop fertilization 
(iii) Lack of crop residue being returned to the soil 
(iv) Lack of crop rotation to help decelerate fertility decline 
 
Declining soil fertility causes substantial net losses of soil carbon resulting in increased carbon 
flux to the atmosphere. Agricultural management measures that have been suggested to 
counteract this problem include: instigation of soil erosion control structures and practices and 
intercropping or mixed cropping especially with accompanying crops that fix or recycle nutrients 
from the subsoil (Nandwa et al., 2000). 
 
The ability to quantify changes in soil carbon stocks as a consequence of land management (i.e. 
carbon sequestration potential) and to determine levels of inputs required in order to maintain 
Legend 
SOC t/ha 
 
I Humid 
II Sub-humid 
III Semi -humid 
IV Semi-humid to semi arid 
V Semi-arid 
VI Arid 
VII Very arid 
Lakes 
  90
desirable soil C levels can assist in soil fertility management, reduce soil CO2 emissions or 
actively sequester carbon in the soil. Two of the tools available to achieve these goals are 
Century (Parton et al., 1987) and RothC (Coleman and Jenkinson, 1996) are two of the most 
widely used SOM models and have been evaluated at site scale under many conditions (Smith et 
al., 1997a). 
 
The Kenya Soil Survey (KSS), a department of The National Agricultural Research Laboratories 
(NARL) (a research centre under Kenya Agricultural Research Institute, K.A.R.I.), has a national 
mandate of generating biophysical land resources information for multipurpose land use planning. 
The institution also undertakes soils and agro-ecological based problem oriented research. To 
facilitate the above tasks KSS uses a Geographic Information System (Arc Info GIS) for storing 
natural resources data on soils, soil nutrients, climate, land use, land suitability assessments and 
land degradation. It is committed to using this facility to optimize severely limited agricultural land 
to supply the needs of its 30 million plus inhabitants (Government of Kenya, 2002) in its 
programme of monitoring soil organic matter levels as related to carbon sequestration and soil 
productivity. 
 
 
7.2. Data Availability/Acquisition at the Site and Regional Scale 
 
Data from two long-term agricultural experiments were available for validating the Century and 
RothC models in Kenya.  One from the soil fertility and crop rotation trials at the National 
Agriculture Research Laboratories at the Kabete site near Nairobi in the semi-humid zone (1972-
2000) (Qureshi, 1991) and one from the Machanga experimental site at Embu in the semi-arid 
zone (1989-1992) (Kihanda et al, 2005).  The necessary data were derived from records of long-
term crop, soil and climate.  Specific input variables required for the two soil organic carbon 
models, used in the GEFSOC project are presented in Table 7.1. 
 
Table 7.1. Main input variables for RothC and CENTURY. 
 
 RothC CENTURY 
Soil input variables Clay content* Sand, silt and clay content* 
 Bulk density* Bulk density* 
 Initial SOC (%) content) Hydric or non-hydric soil 
  Initial SOC (%) content 
Monthly Total precipitation (mm)* Total precipitation (cm)* 
Weather variables Mean temperature (o C)* Mean max temperature (o C)* 
 Mean temperature (o C)* Mean min temperature (o C)* 
Management  Residue C input* Cropland, grassland, forest &. 
variables Manure C inputs* savanna or other. Crop calendar  
 Residue quality (DPM/RPMa) events (planting to harvesting), 
 Soil cover grazing intensity and timing, 
  fire- intensity and timing etc. 
Validation data % SOC (and sample depth)* % SOC (and sample depth)* 
 Bulk density* Bulk density* 
 14C age of soil 13C age of soil 
 Soil microbial biomass Soil microbial biomass 
 IOM (inert organic matter content)  
aDPM/RPM = ratio of decomposable plant material : resistant plant material 
Variables marked with * are essential, others are desirable. 
 
In RothC, some inputs were estimated from other data (e.g. IOM), or derived from management 
and cropping information. 
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IOM was estimated using the equation below (Falloon et al., 1998). 
IOM = 0.049TOC1.139 
 
Plant C inputs were estimated through inverse modelling using measured soil C as a reference. 
Plant C inputs were adjusted followed by model runs until the best fit between modelled and 
measured SOC were obtained. 
 
Besides the data in Table 7.1, other information required for estimating national carbon stocks 
using the GEFSOC Modelling System were land use history, land use polygons, climate 
polygons, historical natural vegetation, Latitude and Longitudes. 
 
Climatic Data 
Maximum and minimum temperatures and mean monthly rainfall were compiled from long-term 
climatic averages for Kenya (mean for each ACZ I, II, III etc and temperature zones). It is 
important to note a zone such as I-3 can exist in many parts of the country and each has its own 
set of climatic data, necessitating the taking of averages. Examples of climatic data sets are 
presented in Figure 7.3, 7.4 and 7.5. 
 
 
Figure 7.3. Mean monthly rainfall, mean minimum and mean maximum temperatures for semi-
humid zone III-4, Kenya. 
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Figure 7.4. Mean monthly rainfall, mean minimum and mean maximum temperatures for humid 
zone I-3 in Kenya. 
 
Figure 7.5. Mean monthly rainfall, mean minimum and mean maximum temperatures for arid 
zone VI-1, Kenya. 
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Soil Textures 
Soil textures were extracted from the Kenya SOTER database, which has 110 texture classes. 
These were classified for modelling purposes into 24 texture classes for GEFSOC carbon stocks 
estimations (Table 7.2).  Soils were classified by grouping soil fractions that fell within ten fraction 
classes (e.g. divisions 0-10%, 11-20%, …, 91-100%, etc.) of their particular sand, silt, or clay 
fractions. 
 
 
Table 7.2. Soil texture classes used for Kenya to produce GEFSOC carbon stocks estimations. 
 
Texture code Sand 
(%) 
Silt (%) Clay 
(%) 
Bulk Density 
Sa000si055cl0 0 55 45 1.27 
Sa010si015cl0 10 15 75 1.25 
Sa010si025cl0 10 25 65 1.20 
Sa010si035cl0 10 35 55 1.26 
Sa020si015cl0 20 15 65 1.30 
Sa020si025cl0 20 25 55 1.30 
Sa020si035cl0 20 35 45 1.12 
Sa020si045cl0 20 45 35 0.83 
Sa030si015cl0 30 15 55 1.27 
Sa030si025cl0 30 25 45 1.26 
Sa030si035cl0 30 35 35 1.08 
Sa040si015cl0 40 15 45 1.23 
Sa040si025cl0 40 25 35 1.23 
Sa040si035cl0 40 35 25 1.26 
Sa040si045cl0 40 45 15 0.79 
Sa050si005cl0 50 5 45 1.11 
Sa050si015cl0 50 15 35 1.37 
Sa050si025cl0 50 25 25 1.27 
Sa060si015cl0 60 15 25 1.41 
Sa060si025cl0 60 25 15 1.33 
Sa070si015cl0 70 15 15 1.39 
Sa080si005cl0 80 5 15 1.49 
Sa080si015cl0 80 15 5 1.38 
Sa090si005cl0 90 5 5 1.53 
 
Land Use History 
Land use history was compiled from government of Kenya agricultural annual reports for: 
1908 – 1909, 1930, 1952, 1958 and 1979 – 2002. For 1908 – 1958 no inputs or management 
information was provided for the crops grown. Estimates of tillage practices, soil amendments 
and other pertinent factors were made based upon expert opinion of historical agricultural 
practices for that time period.  For the period 1979 – 2002, information was available on the crops 
grown, inputs and production per ha on location basis. 
 
Land Use Polygons 
Overlay of the agro-climatic zone (ACZ) map with the mean temperature (Temp-zone) map 
produced a combined agro-climatic temperature zone map whose polygons were used as the 
‘land use’ polygons (Table 7.3) 
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Table 7.3. Five land use polygon examples for Kenya. 
 
ACZ Temp-zone ACZ-Temp zone (Land use polygons) 
I 1 I-1 
I 3 I-3 
I 6 I-6 
III 5 III-5 
VII 2 VII-2 
  
In total this gave 38 “land use polygons”. The climate polygons for Kenya were same as the land 
use polygons. 
 
Historical Natural Vegetation 
Historical natural vegetation is summarized in Table 7.4 for the main agro climatic zones. 
 
 
Table 7.4. Historical natural vegetation for Kenya. 
 
ACZ Historical Natural Vegetation 
I Forest undifferentiated 
II Forest undifferentiated 
III Grassland and closed savannah 
IV Grassland and open savannah 
V Grassland and closed shrubs 
VI Open to closed shrubs 
VII Sparse shrubs 
 
Latitudes and longitudes were derived from the ACZ map using the GIS.   
 
Other data sets used to compile national land use scenario statistics (2000, 2010 & 2030) 
included: 
 
• Land use and population census from Statistical Abstracts 2000-2003  
and from Landscan 2000. 
 
• Land, urbanization, rain-fed and irrigated proportions from FAO Africover (Fao, 2001).  
 
• Expert knowledge of local agricultural practices. 
 
• Production data from Ministry of Agriculture annual reports - Republic of Kenya National 
Development plan 2000-2008 
 
• Work on Climate Change and Global Agricultural Potential- A Case Study of Kenya by 
Fisher G. and H.T. van Veltthuizen, 1996. 
 
• FAO World agriculture towards 2015/30- information on projections for the following:-  
Cultivated, irrigated, productions and harvested areas (for all major crops and 
livestock), Fertilizer use, climate change, population and urbanization. 
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7.3.   Model Evaluation (Field Scale) 
 
7.3.1. Introduction 
 
Century (Parton et al., 1987) and RothC (Coleman and Jenkinson, 1996) are two of the most 
widely used SOM models and have been evaluated at site scale under many conditions (Smith et 
al., 1997). However, it was still necessary to evaluate their performance in Kenyan conditions.  In 
order to do this, Century and RothC were run using soil carbon data from the long-term 
experiments at The National Agricultural Research Laboratories (NARL), Kabete (Nandwa et al., 
2000) and The Machang’a experimental site (Kihanda et al., 1992). The NARL long-term trial was 
established to redress the problem of soil fertility deterioration and productivity decline in the 
semi-humid central Kenya highlands, dominated by the humic Nitisols (FAO/UNESCO, 1990) or 
Alfisols (USDA, 1975). The Machang’a trial was set up to evaluate the effect of various locally 
practiced fertility management practices on crop yields and to monitor changes in soil organic 
matter levels. There were no long-term data available for the humid (ACZ I & II) and arid (ACZ 
VII) regions thus no model evaluation was done for these regions, however, the two long-term 
data sets used are representative of contrasting climatic conditions. 
 
7.3.2. Model Evaluation Materials and Methods 
 
Experimental Sites 
Kabete trial. The Kabete long-term soil fertility improvement and maintenance trial located at 
National Agricultural Research Laboratories (NARL), Kenya was started in 1976 with the aim of 
devising methods of improving and maintaining soil fertility under small scale farming systems 
through the use of inorganic fertilizer, manure and crop residues (Hinga et al., 1976). The site is 
located at longitude 360 46’E and latitude 010 15’S) and is located 8 km west of the city of Nairobi, 
Kenya at an altitude of 1787m above sea level in the upper semi-humid agro-ecological zone 
UM3 (Jaetzold and Schmidt, 1983). The site has two rainy seasons each year; the first (mid 
March to end of May) and the second (mid October to end of December) receiving on average 
409 mm and 220 mm respectively, giving a mean annual precipitation of 629 mm (Jaetzold and 
Schmidt, 1983). The mean annual temperature ranges from 18-210C (Qureshi 1991). The soil at 
the trial site has been classified as a humic Nitisol (FAO/UNESCO, 1990) or an Alfisol (USDA, 
1975) and are known locally as Kikuyu Red Clay. 
 
Machang’a trial. This 13-year trial was started with the aim of examining residual and long-term 
effects of manure and fertilizer on crop yields and sustainability of soil fertility. The site (0o 47’S, 
37o 40’E; altitude 1050 m) is in Mbeere Distict on a concave slope of 5%. The soil is a sandy clay 
loam containing 56.5%, 12.7% and 30.85 of sand, silt and clay respectively, with a pH of 6.55 
(1:2.5 soil to water ratio) and was provisionally classified as a Chromic Cambisol (FAO/UNESCO, 
1990). Meteorological data were collected at the site (Kihanda et al. 2005). 
 
Experimental Design 
Kabete. The experimental design, treatments used and history of the site are described by 
Qureshi  (1991). In Brief, This experiment used a completely randomised 2x3x3 factorial design 
with four replicates. It consisted of four blocks, each having 18 plots with an area of 31.5 m2 (7.0 
m x 4.5 m). Each plot received one of three different rates of nitrogen and phosphorus (NP) 
fertilizer and farmyard manure (FYM) with maize crop residues from the preceding season’s crop 
either incorporated in the soil or removed. This gave a total of 18 treatments. Application rates of 
NP fertilizer and FYM were; 60 kg N + 30 kg P ha-1, 120 kg N + 60 kg P ha-1, 5t and 10t FYM ha-1 
in different combinations (Table 7.7). Initially, compound fertilizer 20:20:0 was used as source of 
N and P but was replaced in 1981 by Calcium Ammonium Nitrate (CAN) and Triple Super 
Phosphate. 
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Maize (Zea mays L.) hybrid 512 was planted with the inputs listed in Table 7.5, during the first 
season (March to August) at a row spacing of 75 cm x 50 cm, while bean (Phaseolus vulgaris L.), 
Mwezi moja – (Rose coco variety) was planted in the second season (October to January) 
utilizing residual N, P and manure. All standard cultural practices for the area were followed and 
appropriate insecticides applied. Weeding was done by hoe.  
 
Maize grain, bean and residue yield were recorded after every season and soil samples analysed 
for chemical composition. Maize grain and stover samples were analysed for their C, N, P, K, Ca 
and Mg contents. Climatic variables (rainfall, temperature, evaporation and humidity) were 
measured using the centre’s meteorological equipment (Qureshi 1991). 
 
 
Table 7.5. Treatments for the 2x3x3 factorial long-term experiment at NARL, Kabete.  
 
Treatment 
No. Treatments N (kg/ha) P2O5 FYM Residue*
1  Nil 0 0 0 0
2  FYM1 0 0 5 0
3  FYM2 0 0 10 0
4  N1P1 60 60 0 0
5  N2P2 120 120 0 0
6  N1P1+FYM1 60 60 5 0
7  N2P2+FYM1 120 120 5 0
8  N1P1+FYM2 60 60 10 0
9  N2P2+FYM2 120 120 10 0
10  Nil+Res 0 0 0 1
11  FYM1+Res 0 0 5 1
12  FYM2+Res 0 0 10 1
13  N1P1+Res 60 60 0 1
14  N2P2+Res 120 120 0 1
15  N1P1+FYM1+Res 60 60 5 1
16  N2P2+FYM1+Res 120 120 5 1
17  N1P1+FYM2+Res 60 60 10 1
18  N2P2+FYM2+Res 120 120 10 1
* 0 = residue not  incorporated into the soil, 1 =  residue incorporated into the soil 
FYM= Farm Yard Manure, Res= crop residue (Source Qureshi 1991). 
 
Machang’a.  Details of the experimental design are given in Kihanda et al. (2005). In brief the site 
was under native vegetation until the end of 1988 when it was cleared. It was then planted in 
March of the following year. Manure treatments started in September 1989 with annual additions 
of 0, 5 or 10 t ha-1. From 1989 to 1993 the experiment had 9 treatments comprising 3 crop 
rotations and 3 fertility managements in different combinations. The crop rotations compared 
intercropping and 2 sole crop rotations. Results for the first 5 years were published by Gibberd 
(1995).  
 
From February 1993, one sole crop rotation was discontinued and new intercropping rotations 
added, the remaining sole crop rotation (which was a cereal/legume rotation) was continued for 
another 3 years and then it became a continuous cereal rotation. The original intercropping 
rotations continued with the same manure applications throughout the cropping period. Soil 
fertility treatments are summarized in Table 7.6. 
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Table 7.6. Soil fertility treatments applied at the Machang’a trial. 
 
Code Treatment*  
 1989 to 1992 1993 to 2002 
 
A1 5 t ha-1yr-1 manure 5 t ha-1yr-1 manure 
A2 10 tha-1 yr-1 manure 10 tha-1 yr-1 manure 
B1 5 t ha-1yr-1 manure None 
B2 10 tha-1 yr-1 manure None 
C None None 
F None NPK fertilizer 
*Manure was applied annually in September and fertilizer was applied every season (from October 1993) at approximately 
51, 12 and 30 kg ha-1 of N, P and K respectively. SOURCE Kihanda et al (2005) 
 
In the initial season (April 1989), sorghum intercropped with cowpea was grown, and then the 
pattern of crops was as follows: 
 November 1989 to April 1993: millet/green gram for two seasons, alternating with 
sorghum/cowpea for two seasons. 
 November 1993 to April 1999: sorghum/cowpea during November season; millet/green 
gram during April season. 
 November 1999 to April 2002: maize/pigeon pea every season. 
 
 
Chemical Analysis 
Kabete Site. Soil sampling was carried out in all plots at two depths, 0-15 and 15-30 cm following 
land preparation (and just before application of inputs and sowing). On each sampling occasion, 
five soil sub-samples were bulked, mixed and a homogenous sample of the composite obtained, 
which was then sent to the NARL laboratory. Initially the soil samples were oven-dried at 32oC 
and thereafter ground and sieved through a 2mm sieve. The pH of the sample determined which 
methods were adopted for further analyses. Details may be found in Hinga et al., (1976). 
 
Machang'a Site. In the four years from 1993 to 1996, the manure was sampled and analysed for 
total C, N, P and K. At harvest, the grains and above ground residues (leaves, stalks and 
threshing residues) were collected separately for each crop. These were air-dried and weighed at 
the site. Crop residues were returned to the plots and incorporated at the start of the following 
season, with the exception of pigeon-pea stalks, which were removed. From 1993 to 1996, crop 
and manure samples for analysis were further dried to constant weight at 60oC. N and P 
concentrations were then measured by dissolution in H2SO4/H2O2/Li2SO4/se solution at 360oC 
and colorimetrically analysed (Anderson and Ingram, 1993).  
 
Soil sampling from the 0-20 cm horizon commenced in February 1993 and was carried out at 
intervals of approximately six or twelve months. SOC was measured by heating finely-ground soil 
for 2 hours at 130-135oC with H2SO4 / H3PO4 / K2Cr2O7 mixture and back-titration with 
(NH4)2.Fe(SO4)2 (Anderson and Ingram, 1993).  
 
Century Model Simulations 
Century was run to reach equilibrium over a 7000 year period. The equilibrium run simulates 
native vegetation of the site. This included fire events that totally or partially destroyed the forest 
at specific periods in a given year, assumed to repeat once every 300 years. The base 
management period was then simulated. This simulated events that existed at the site prior to the 
start of the long-term experiment (1913 to 1974) and was based on documented history of the 
site. These events included planting maize in March and beans in November with pre-weeding, 
fertilization and harvesting (with 90% straw removal). The experimental period was then 
simulated. This simulated the management of the site during the research phase i.e. 1976 to 
2001. The annual cropping events were simulated for each of the 18 treatments at NARL Kabete 
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and the six treatments at Machanga. The base and experimental period simulations used actual 
annual weather data whilst the equilibrium simulations used long-term averaged climate values. 
The measured soil carbon values were then compared with modelled soil carbon values.  
 
RothC Model Evaluations 
The model was set up to simulate the characteristics of the trial sites, including the land 
management represented by monthly carbon inputs (t Cha-1), monthly farm yard manure inputs (t 
C ha-1) and soil cover (whether soil is covered by a crop or is fallow). The required climate data 
included: mean air temperature (oC), monthly mean rainfall (mm), and monthly mean evaporation 
(in mm). Long-term averaged climate and savannah land management with a DPM/RPM ratio of 
0.67 and an IOM content of 3.05 t C ha-1 were used to simulate equilibrium land use at the sites. 
The experimental treatments were then simulated using annual weather data and land 
management parameters to match the experimental designs. Table 7.7 shows the plant C inputs 
used in the RothC model for the Kabete and Machang’a sites. 
 
Table 7.7.  Plant C inputs used in the RothC model for Kabete and Machang’a sites. 
 
          C inputs (t C ha-1 yr-1)  
 
Treatment 
Kabete site Machang’a site 
Nil 0 0 
5 t FYM ha-1 yr-1 0.6 0.10 
10 t FYM ha-1 yr-1 0.86 0.10 
N2P2 0.6  
N2P2 + FYM2 + Res 0.9  
51 kg N ha-1  0.15 
 
 
7.3.3. Model Evaluation Results 
 
The findings of the evaluations of the two models are presented with results of five treatments for 
the Kabete site (Figures 7.6 & 7.7) and all six treatments for Machanga site (Figures 7.8 & 7.9). 
Tables 7.10 and 7.11 show the difference between modelled data sets and actual data sets 
determined using a number of statistical tests which can be run simultaneously using the Modeval 
applications designed by Smith et al. 1997. Modeval (Smith et al., 1997) is an EXCEL worksheet 
that compares measured and modelled results using various statistical tests. Statistical outputs 
include: correlation coefficient, the F and t values, Root Mean Square Error (RMSE), Coefficient 
of determination, Student t and Relative Error (95% confidence limit). 
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Figure 7.6. Century and RothC measured versus modelled soil carbon (0-30cm) for the NARL 
long-term experiment (1976 – 2000) for three selected treatments (see notes in graph for details), 
Kabete, Kenya. 
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Figure 7.7. Century and RothC measured versus modelled soil carbon (0-30cm) for the NARL 
long term experiment (1976 – 2000) for two selected treatments (see note in graph for details), 
Kabete, Kenya. 
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Figure 7.8. Century and RothC measured versus modelled soil carbon (0-30cm) for Machanga 
site experiment (1992 – 2002), pure stands, Embu, Kenya (see notes in graphs for treatments 
details).  
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Figure 7.9. Century and RothC measured Versus modelled soil carbon (0-30cm) for Machanga 
site experiment (1993 – 2002), intercrops, Embu, Kenya (see note in graphs for treatment 
details). 
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Table 7.8. Statistical determination of measured versus modelled results for the Kabete site made using the Modeval application, part 1. 
 
   Model Century RothC Century RothC Century RothC Century RothC Century RothC 
    Treat NIL NIL FYM1 FYM1 FYM2 FYM2 N2P2 N2P2 N2P2+FYM2 N2P2+FYM2
     Statistics        +Res +Res 
r      0.73 0.73 -0.05 -0.12 0.52 -0.20 0.77 0.81 0.52 -0.17 
F      6.75 6.88 0.02 0.08 2.25 0.24 8.86 11.62 2.24 0.18 
t      2.60 2.62 0.13 0.29 1.50 0.49 2.98 3.41 1.50 0.43 
t-value (Critical at 5%)    2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.45 2.45 
RMSE     11.71 5.27 12.99 10.30 7.93 9.10 10.78 5.14 7.25 9.17 
RMSE (95% Confidence Limit) 195.47 221.10 189.21 201.91 203.30 208.15 196.85 216.84 200.61 201.47 
EF      -1.86 0.42 -4.59 -2.52 -0.23 -0.62 -0.54 0.65 -0.08 -0.72 
EF (95% Confidence Limit)    -795.04 -1017.42 -1186.09 -1350.85 -807.92 -846.95 -512.99 -622.66 -823.14 -830.22 
CD      0.31 0.94 0.22 0.43 3.32 2.32 0.79 1.53 1.93 1.56 
M      3.57 -0.40 4.30 2.53 1.43 1.16 3.04 0.29 1.57 2.06 
t = Student's t of M    5.72 -0.62 5.15 2.33 1.49 0.99 3.85 0.44 1.79 1.90 
t-value (Critical at 2.5% )    2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 
E = Relative Error    10.53 -1.31 11.28 6.50 3.42 2.62 8.49 0.61 3.69 4.85 
E (95% Confidence Limit).        =  +/- 163.70 185.18 164.80 175.71 180.22 184.49 167.34 184.12 177.13 178.00 
CRM      0.11 -0.01 0.12 0.07 0.04 0.03 0.09 0.01 0.04 0.05 
LOFIT = Lack of Fit     123.71 25.01 187.23 117.75 67.51 88.88 108.99 24.74 62.23 99.38 
RSS     0 0 0 2E+07 0 0 0 0 0 0 
SSE      0 0 0 2E+07 0 0 0 0 0 0 
ME      6.70 3.12 8.35 8.90 5.08 5.48 7.44 3.73 4.59 5.65 
RMSE * Obar/100    3.93 1.77 4.84 3.84 2.91 3.33 3.69 1.76 2.79 3.52 
Number of Values    8 8 8 8 8 8 8 8 8 8 
Smith et al., 1997 
 
Code explainations 
r = correlation coeff., F = ((n-2) r^2) / ((1-r^2), t= Sqrt(F), RMSE = Root mean square error of model, EF = Modelling efficiency, CD = Coefficient of Determination. Best = 1, M = Mean 
difference, E = Relative error, CRM = Coefficient of Residual Mass. Best = 0, RSS = Residual Sum of Squares, SSE = Sum of Squares of Pure error, ME = Maximum Error. Best = 
ABS(M) 
FYM1=5 t ha-1 yr-1 manure,FYM2=10t ha-1 yr-1 manure, N2P2 =  120kg Nha-1 + 60kg P ha-1, Res= crop residue  
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Table 7.9. Statistical determination of measured versus modelled results for the Kabete site made using the Modeval application, part 2. 
 
First three columns Model CEN. ROTHC Cen. ROTHC CEN. ROTHC CEN. ROTHC CEN. ROTHC CEN. ROTHC
Pure Stands  others    Treat 51kgN/ha 51kgN/ha 10tFYM/ 10tFYM/ 5tFYM/ 5tFYM/ No Manure No Manure 10tFYM/ 10tFYM/ 5tFYM/ 5tFYM/
intercrops     Statistics  ha/Yr ha/Yr ha/Yr ha/Yr Statistics  ha/Yr ha/Yr ha/Yr ha/Yr 
r      -0.40 -0.25 0.42 0.43 0.73 0.74 0.56 0.73 0.00 0.02 -0.12 -0.44
F      1.30 0.45 1.52 1.57 8.02 8.32 3.26 8.19 0.00 0.00 0.10 1.66
t      1.14 0.67 1.23 1.25 2.83 2.89 1.80 2.86 0.01 0.04 0.32 1.29
t-value (Critical at 5%)    2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37 2.37
RMSE     8.08 8.64 273.87 273.39 8.66 7.63 16.20 28.51 10.02 23.46 9.54 12.39
RMSE (95% Confidence Limit) 193.09 205.20 17.01 19.38 190.86 205.11 217.65 251.07 189.92 229.83 193.59 207.61
EF      -0.77 -1.02 -0.12 -0.12 0.30 0.46 -1.09 -5.47 -0.03 -4.62 -0.04 -0.75
EF (95% Confidence Limit) -1006.97 -1137.35 1.00 0.99 -339.52 -392.27 -376.10 -500.80 -367.55 -538.71 -425.72 -489.79
CD      2.77 1.21 7.99 8.16 3.69 2.43 0.85 0.16 38.93 0.22 87.12 1.51
M      0.29 -0.76 170.77 168.91 0.58 -0.43 -1.47 -3.29 0.22 -3.79 0.06 -1.31
t = Student's t of M    0.68 -1.98 1.00 0.99 1.28 -1.04 -3.21 -9.12 0.34 -5.54 0.10 -2.18
t-value (Critical at 2.5% )    2.31 2.31 2.31 2.31 2.31 2.31 2.31 2.31 2.31 2.31 2.31 2.31
E = Relative Error    1.46 -5.39 10.96 1.65 2.85 -3.26 -13.36 -28.32 0.19 -22.13 -0.53 -8.52
E (95% Confidence Limit).     =  +/- 159.85 169.80 125.71 142.07 147.34 158.22 173.10 199.34 159.98 193.66 159.16 170.74
CRM      0.02 -0.05 0.91 0.90 0.04 -0.03 -0.12 -0.27 0.01 -0.21 0.00 -0.08
LOFIT = Lack of Fit     13.88 15.86 2356436 2348156 17.73 13.77 34.42 106.51 29.79 163.25 24.61 41.52
RSS     35356596 35318980 35320745 35254736 35336353 35300518 35411262 35346374 35254364 35111510 35277617 35228880
SSE      35346139 35346139 31600199 31600199 35315800 35315800 35463706 35463706 35246544 35246544 35275671 35275671
ME      1.95 2.20 1535.06 1532.36 2.79 1.70 2.58 4.45 2.61 6.99 3.56 3.59
RMSE * Obar/100    1.24 1.33 511.69 510.79 1.40 1.24 1.96 3.44 1.82 4.26 1.65 2.15
Number of Values    9 9 9 9 9 9 9 9 9 9 9 9
Code explainations 
r = correlation coeff., F = ((n-2) r^2) / ((1-r^2), t= Sqrt(F), RMSE = Root mean square error of model, EF = Modelling efficiency, CD = Coefficient of Determination. Best = 1, M = Mean 
difference, E = Relative error, CRM = Coefficient of Residual Mass. Best = 0, RSS = Residual Sum of Squares, SSE = Sum of Squares of Pure error, ME = Maximum Error. Best = 
ABS(M) 
FYM1=5 t ha-1 yr-1 manure,FYM2=10t ha-1 yr-1 manure, N2P2 =  120kg Nha-1 + 60kg P ha-1, Res= crop residue  
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7.3.4. Model Evaluation Discussion and Conclusions 
 
The best correlation for both models between measured and modelled soil carbon was obtained 
with NIL and with higher N application (120 Kg N ha-1) at both sites and also with low FYM 
additions (5 t ha-1) at the Machang’a site. Somewhat poorer correlations between measured and 
modelled data were obtained in treatments with higher FYM and crop residue additions. For these 
it appeared that the actual decomposition rate of the added FYM and crop residues was faster 
than assumed by both models resulting in a higher decline in observed SOC than predicted by 
the models. It may also have been the case that the C/N ratios used for the modelling were 
incorrect.  No measured C/N ratios for the manure used on the experiments were available, 
therefore mean values from other data sets were assumed. This was more marked in RothC than 
in Century and more so in the semi-arid Machanga site. Higher mean temperatures in Machang’a 
compared with Kabete are probably leading to higher manure and crop residue decomposition 
rates at Machang’a, and hence more marked differences between measured and modelled soil 
carbon. For both models, the treatments with added FYM and residues generally showed little 
change in SOC during the experiment, whilst those without showed a slight decline in SOC.  
 
For the drier semi-arid areas such as Machang’a and with higher organic matter and crop residue 
inputs the decline in estimated soil carbon over time for both models needs to be somewhat lower 
than they are at present for the best possible correlation between measured and modelled soil C. 
A review of C/N ratios for manure used in East African agriculture and an examination of the 
decomposition rates of the added organic inputs, may lead to improved regressions. Century was 
found to be a better tool for SOC predictions when farmyard manure inputs are high (10t ha-1). 
Both models can be useful tools in soil carbon predictions provided time series data sets of 
measured soil C are available for model evaluation for specific conditions of land use/ 
management, climate and soils. 
 
7.4. Current and Future Land Use Scenarios and Associated 
SOC Stocks 
 
7.4.1 Land Use Scenarios 
As outlined in Section 7.2 in the case of Kenya ‘land use’ units were determined by using an 
overlay of the agro-climatic zone (ACZ) map with the mean temperature (Temp-zone) map (Table 
7.3). In Kenya, land use is very dependant upon climate and therefore land use boundaries follow 
climatic boundaries very closely. For each of these units a sequence of change in historical, 
current and future land use was determined. Again, as outlined earlier, historical land use history 
was determined from information in The Government of Kenya agricultural annual reports. Where 
input information was lacking, data sets were supplemented with, expert knowledge of historical 
farming practices. 
The current (year 2000) land use scenario was prepared by extracting data from the district map 
of Kenya and from the statistical Abstracts for Kenya (The Central Bureau of Statistics, 2000). 
Additional information on forest cover, park, swamp, townships, barren, rain-fed and irrigated land 
was estimated from FAO Africover (FAO, 2001) by summing areas for each land cover type. 
Table 7.10 is an excerpt of land use in Kenya in 2000, showing allocation of land use by district 
for central and coastal provinces. 
 
The future scenarios for 2015 and 2030 were constructed using FAO projections for changes in 
total cropped areas, rain-fed and irrigated areas for each ACZ in Kenya for the years 2015 and 
2030 (FAO, 2002). The proportion of each land unit that would be likely to change between 2000 
and 2015 and 2030 was determined to give a future scenario. 
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Table 7.10. Kenya land use by District/Province and use category (km2) year 2000. 
 
   Total Land Water Closed Open Park Swamp Township Barren Agric. 
Land 
Rainfed
Agric. 
Land 
Irrigated
Other 
Land 
Province District District_id area area area forest forest        
Central Kiambu 38 1515.21 1512.21 3 208.064 2.6365 0 0 163 0 644 0.00 494.9183 
 Kirinyaga 29 1487.87 1487.87 0 212.222 3.4978 46 0 93 14 550 58.98 510.2038 
 Maragwa 2011 965.46 965.46 0 29.8209 1.9406 0 0 86 0 562 1.81 283.5106 
 Muranga 36 1013.69 1013.69 0 112.885 0.4412 26 0 69 0 516 0.00 289.2362 
 Nyandarua 22 3269.25 3269.25 20 258.379 6.1974 273 22 136 31 1271 0.82 1251.09 
 Thika 2012 1643.43 1643.43 0 37.8153 8.6631 0 0 184 0 826 0.33 586.2944 
 Nyeri 26 3372.53 3372.53 0 754.285 12.191 555 0 109 5 1032 3.95 901.4756 
Coast Kilifi 54 4561.53 4548.53 13 183.759 39.461 0 12 152 0 1095 0.00 3066.519 
 Kwale 58 8328.89 8263.89 65 270.939 238.82 192 0 486 0 1012 8.24 6055.45 
 Lamu 43 6126.75 5818.75 308 477.865 423.85 877 0 37 0 184 0.00 3818.536 
 Malindi 2019 7843.91 7747.91 96 550.98 233.17 0 0 198 140 473 0.00 6152.493 
 Mombasa 59 200.88 200.88 0 13.459 3.6475 0 0 79 0 22 9.88 72.82514 
 Taita 
Taveta 
55 17400.8 17384.8 16 51.092 107.67 10539 131 179 0 630 56.70 5692.257 
 Tana River 27 39035.7 39035.7 0 1183.82 406.72 3457 118 156 0 171 29.00 33514.24 
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7.4.2. Comparison of GEFSOC System Outputs  
 
Figure 7.10a shows the simulated SOC stocks for Kenya as generated by the GEFSOC system.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.10a.  Summary of SOC stocks from the 3 GEFSOC system outputs for Kenya. 
 
 
The Century and RothC models and the IPCC method are in general agreement regarding the 
stock values for 1990, 2000 and 2030.  Additionally, the trends are predicted to be consistently 
downward using all three techniques, with Century and RothC predicting more substantial SOC 
losses. The SOC stocks for the Century and RothC models are shown by ACZ and year in figure 
7.10b and 7.10c. 
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Figure 7.10b.  Century SOC stocks, in Kenya as predicted by the 
GEFSOC modelling system (shown by agroclimatic zones). 
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Figure 7.10c.  RothC SOC stocks in Kenya as predicted by the GEFSOC Modelling System. 
 
ACZ VI-1, which, is the largest ACZ in Kenya (~87,000 km2, or 17% of the land area) is 
responsible for 14.7% of the Century SOC stock and 24.7% of the RothC SOC stock in 1990.  It 
is possible there is a parameterization error that has produced this difference. The trend is 
reversed between RothC and Century for the drier climatic zones compared with the wetter ones.  
In ACZ’s VI and VII, RothC consistently predicts higher values (up to 68% higher), whereas in the 
cooler, wetter zones, Century and RothC stocks tend to be more comparable. 
 
The modelling system indicates that the greatest losses in soil C are a result of (and are likely to 
continue to be a result of) land use scenarios from two primary land use changes: 
- Converting native grasslands and rangeland to continuous intensive ranching and 
subsistence farming in ACZ’s III, IV and V,  
- Converting native forest in the Mount Kenya and other regions into coffee and tea 
plantations. 
- Converting native forest or permaculture crops such as tea and coffee into 
subsistence farming. 
 
 
7.4.3. Regional C Stocks, Current 
 
Figure 7.11 shows the current (year 2000) SOC stocks in Kenya estimated using the Century 
model in the GEFSOC Modelling System. The map shows that the very arid regions (zone VII) 
had the lowest SOC stocks (0-18 t C/ha). Most of the rest of the country had SOC stocks of 18-30 
t/ha C.  The sharp delineation of SOC stocks along ACZ boundaries between the semi-humid and 
semi-arid regions of Kenya, particularly in the SE, is apparent. Because, of the relatively large 
size of the agro-ecological zones used to aggregate climate and vegetation characteristics, the 
transition between zones appears unduly abrupt on the map. This may not be a major problem for 
country-level stock estimates, since model responses to precipitation, as a driving variable, tend 
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to be linear, with small aggregation bias (Paustian et al. 1997). However, use of the model 
outputs at finer spatial scales would obviously benefit from finer grained climate and vegetation 
input data, to represent the gradients and variability in C stocks across the region.    This may be 
difficult to do, particularly for vegetation characteristics and productivity.  For example, a literature 
search indicated only one data set of net primary productivity is publicaly available for East Africa, 
that being for the grassland/open savanna at Nairobi National Park (Kinyamario 1996).  Hence, 
parameterizing native vegetation simulations for this region is difficult. 
 
 
 
 
Figure 7.11. SOC stocks for the year 2000 estimated using Century output from the GEFSOC 
Modelling System. 
 
7.4.4.  Future Regional SOC Stocks 
 
Tables 7.11 and 7.12, show projected land use in the years 2015 and 2030, based on FAO 
projections of changes in cropped area and crop production.  Figure 7.12 shows the future (2030) 
SOC stocks in Kenya estimated using the GEFSOC Modelling System. These only differ slightly 
from SOC for the year 2000. Figure 7.13. shows the distribution of SOC stocks (t C ha-1 yr-1) 
according to agro-climatic zones in Kenya, 1990, 2000 and  2030.
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Table 7.11. Kenya land use by district/province and use category (km2) year 2015 (Based on FAO crop projections). 
 
   Total Land Water Closed Open Park Swamp Township Barren Agric. 
Land 
Rainfed
Agric. 
Land 
Irrigated
Other 
Land 
Province District District_id area area area forest forest        
Central Kiambu 38 1515.21 1512.21 3 198.6552 2.6365 0 0 163 0 652 0.00 496.33 
 Kirinyaga 29 1487.87 1487.87 0 199.1684 3.4978 46 0 93 14 558 63.00 511.26 
 Maragwa 2011 965.46 965.46 0 21.1966 1.9406 0 0 86 0 570 1.81 284.13 
 Muranga 36 1013.69 1013.69 0 105.0126 0.4412 26 0 69 0 524 0.00 289.24 
 Nyandarua 22 3269.25 3269.25 20 249.1391 6.1974 273 22 136 31 1279 0.82 1252.33 
 Thika 2012 1643.43 1643.43 0 26.1430 8.6631 0 0 184 0 837 0.33 586.97 
 Nyeri 26 3372.53 3372.53 0 744.9091 12.191 555 0 109 5 1040 3.95 902.85 
Coast Kilifi 54 4561.53 4548.53 13 171.5503 39.461 0 12 152 0 1106 0.00 3067.73 
 Kwale 58 8328.89 8263.89 65 263.3867 238.82 192 0 486 0 1020 8.24 6055.45 
 Lamu 43 6126.75 5818.75 308 466.3606 423.85 877 0 37 0 195 0.00 3819.04 
 Malindi 2019 7843.91 7747.91 96 539.2432 233.17 0 0 198 140 484 0.00 6153.23 
 Mombasa 59 200.88 200.88 0 13.4590 3.6475 0 0 79 0 22 9.88 72.83 
 Taita 
Taveta 
55 17400.8 17384.8 16 35.1429 107.67 10539 131 179 0 642 56.70 5694.21 
 Tana River 27 39035.7 39035.7 0 1183.8230 406.72 3457 118 156 0 171 29.00 33514.24 
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Table 7.12. Kenya land use by District/province and use category (km2) year 2030 (Based on FAO crop projections). 
 
Province District District_id Total 
area 
Land 
area 
Water 
area 
Closed 
forest 
Open 
forest 
Park Swamp Township Barren Agric. 
Land 
Rainfed 
Agric. 
Land 
Irrigated 
Other 
Land 
Central Kiambu 38 1515.21 1512.21 3 191.66 2.6365 0 0 163 0 659 0.00 496.33 
 Kirinyaga 29 1487.87 1487.87 0 188.17 3.4978 46 0 93 14 565 67 511.26 
 Maragwa 2011 965.46 965.46 0 14.20 1.9406 0 0 86 0 577 1.81 284.13 
 Muranga 36 1013.69 1013.69 0 98.01 0.4412 26 0 69 0 531 0.00 289.24 
 Nyandarua 22 3269.25 3269.25 20 242.14 6.1974 273 22 136 31 1286 0.82 1252.33 
 Thika 2012 1643.43 1643.43 0 18.14 8.6631 0 0 184 0 845 0.33 586.97 
 Nyeri 26 3372.53 3372.53 0 737.91 12.191 555 0 109 5 1047 3.95 902.85 
Coast Kilifi 54 4561.53 4548.53 13 164.55 39.461 0 12 152 0 1113 0.00 3067.73 
 Kwale 58 8328.89 8263.89 65 256.39 238.82 192 0 486 0 1027 8.24 6055.45 
 Lamu 43 6126.75 5818.75 308 460.36 423.85 877 0 37 0 201 0.00 3819.04 
 Malindi 2019 7843.91 7747.91 96 532.24 233.17 0 0 198 140 491 0.00 6153.23 
 Mombasa 59 200.88 200.88 0 7.46 3.6475 0 0 79 0 28 9.88 72.83 
 Taita 
Taveta 
55 17400.8 17384.8 16 23.14 107.67 10539 131 179 0 650 61 5694.21 
 Tana River 27 39035.7 39035.7 0 1183.82 406.72 3457 118 156 0 171 29.00 33514.24 
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Figure 7.12. SOC stocks for the year 2030 estimated using Century output from the GEFSOC 
Modelling System 
 
 
 
   
 
Figure 7.13. Distribution of SOC stocks (t C ha-1 yr-1) according to agro-climatic zones in Kenya, 
1990, 2000 and 2030. 
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The SOC stock change rates estimated by Century, RothC and IPCC system were comparable in 
terms of trends, but quite different in their magnitudes between the two models and the IPCC 
method (Figure7.14.).   All three indicated that soil C would continue to decline over the modelling 
period, with the IPCC method predicting the decline to increase over time and the Century and 
RothC models predicting the decline would moderate over time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.14. Comparison of soil carbon stock change rates (Tg C/yr) estimated by Century, 
RothC and IPCC system. 
 
 
7.5.  Comparison of Current Stocks With Outcome From Existing 
Methods 
 
To our knowledge, no prior estimate of regional SOC stock for Kenya existed before this study. 
SOC stocks were therefore estimated for Kenya, using the SOTER based mapping approach 
(Section 4.2).   Soil organic C stocks estimated by Century and RothC, (1.4 and 1.6 Pg  
respectively) for 0-20cm were comparable with SOTER-based approach that estimated ~2.1-2.3 
Pg (0-30cm) (Batjes, 2004b) and the IPCC estimates of ~2 Pg.  
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7.6.  Discussions and Conclusions   
 
In general, SOC stocks throughout Kenya were shown to have dropped in response to land use 
change.  The regions of greatest stability of SOC are in areas experiencing the least land use 
conversion, particularly grassland reserves, commercial tea and coffee plantations and regions 
where populations and land use are stable. SOC stocks also remain relatively stable in regions 
where either subsistence farming or cash crop production has not occurred or already occurs but 
is not predicted to undergo substantial change. Conversion of natural vegetation to annual crops 
led to the greatest soil C losses, particularly in grasslands. Simulations suggest that soil C losses 
remain substantial through the modelling period of 1990-2030. 
 
Soil C stock change rates were comparable in terms of magnitude between Century and IPCC, 
and trends were similar. It should be kept in mind that the models do not account for SOC loss or 
redistribution through erosion.  
 
Further areas for research and model run improvements were identified as:-  
¾ Addition of an agro-forestry component to help assess the affect of agro-forestry with 
regard to SOC. Agro-forestry is being practiced in the Western Kenyan highlands. 
¾ Better simulation and understanding of the effects of mixed cropping systems on SOC 
stocks and changes. 
¾ To model climate change using Hadley Centre climate predictions. 
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8. THE JORDANIAN CASE STUDY REPORT 
 
8.1. Background 
 
8.1.1. Introduction 
 
Jordan is a relatively small country (89,342 km2) located in the eastern Mediterranean region 
between 29 o to 32o N Latitude and 34o to 39o E longitude. The country is bordered on the north 
by Syria, to the east by Iraq and by Saudi Arabia on the east and south. To the west is Israel and 
the occupied West Bank, while Jordan’s only outlet to the sea, the Gulf of Aqaba, is to the south. 
However, Jordan’s diverse terrain and landscape belie its actual size, demonstrating a variety 
usually found only in large countries. 
 
 
 
Figure 8.1. A map showing the location of Jordan. 
 
8.1.2. Geography 
 
Jordan can be divided into three main geographic and climatic areas: the Jordan Valley, the 
Mountain Heights Plateau, and the eastern desert, or Badia region. 
 
The Jordan Valley 
The Jordan Valley, which extends down the entire western flank of Jordan, is the country’s most 
distinctive natural feature. The Jordan Valley forms part of the Great Rift Valley of Africa, which 
extends from southern Turkey through Lebanon and Syria to the salty depression of the Dead 
Sea, where it continues south through Aqaba and the Red Sea to eastern Africa. This fissure was 
created 20 million years ago by shifting tectonic plates. 
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The northern segment of the Jordan Valley, known in Arabic as the Ghor, is the nation’s most 
fertile region. It contains the Jordan River and extends from the northern border to the Dead Sea. 
The Jordan River rises from several sources, mainly in the Anti-Lebanon Mountains in Syria, and 
flows into Lake Tiberias (the Sea of Galilee), 212 meters below sea level. It then drains into the 
Dead Sea, which, at 407 meters below sea level, is the lowest point on earth. The river is 
between 20 and 30 meters wide near its endpoint. Its flow has been much reduced and its salinity 
increased because significant amounts of its water have been diverted for irrigation uses. The 
average temperature of The Jordan Valley is higher than the rest of the country and it has year-
round climate which is suitable for agricultural production; this, along with extensive summer 
irrigation, have made the Ghor (Jordan Valley) the food bowl of Jordan. 
 
South of the Dead Sea, the Jordan Valley runs through hot, dry Wadi Araba. This spectacular 
valley is 155 kilometers long and is known for the sheer, barren sides of its mountains. Its primary 
economic contribution is through potash mining. Wadi Araba rises from 300 meters below sea 
level at its northern end to 355 meters above sea level at Jabal Risha, and then falls to sea level 
at Aqaba. 
 
The Mountain Heights Plateau 
The highlands of Jordan separate the Jordan Valley and its margins from the plains of the eastern 
desert. This region extends the entire length of the western part of the country, and hosts most of 
Jordan’s main population centers, including Irbid, Amman, Zarqa, Karak, Tafilah, and Shubak. 
We know that ancient peoples settled in the area in the past from the ruins of Jerash, Karak, 
Madaba, Petra and other historical sites in the Mountain Heights Plateau. These areas receive 
Jordan’s highest rainfall, and are the most richly vegetated in the country. 
 
The region, which extends from Umm Qais in the north to Ras an-Naqab in the south, is 
intersected by a number of valleys and riverbeds known as wadis. The Arabic word wadi means a 
watercourse valley that may or may not flow with water after substantial rainfall. All of the wadis, 
which intersect this plateau, including Wadi Mujib, Wadi Mousa, Wadi Hassa and Wadi Zarqa, 
eventually flow into the Jordan River, the Dead Sea or the usually dry Jordan Rift. Elevation in the 
highlands varies considerably, from 600 meters to about 1,500 meters above sea level, with 
temperature and rainfall patterns varying accordingly. 
 
The northern part of the Mountain Heights Plateau, known as the northern highlands, extends 
southwards from Umm Qais to just north of Amman, and displays a typical Mediterranean climate 
and vegetation. This region is characterized by higher elevations and cooler temperatures. South 
and east of the northern highlands are the northern steppes, which serve as a buffer between the 
highlands and the eastern desert. The area, which extends from Irbid through Mafraq and 
Madaba all the way south to Tafilah, was formerly covered in steppe vegetation. However, much 
of this has been lost to desertification, however. In the south, the Sharra highlands extend from 
Shubak south to Ras an-Naqab. This high altitude plain receives little annual rainfall and is 
consequently lightly vegetated. 
 
The Eastern Desert or Badia 
Comprising around 90% of Jordan, this area of desert and desert steppe is part of what is known 
as the North Arab Desert. It stretches into Syria, Iraq and Saudi Arabia, with elevations varying 
between 600 and 900 meters above sea level. Climate in the Badia varies widely between day 
and night, and between summer and winter. Daytime summer temperatures can exceed 40°C, 
while winter nights can be very cold, dry and windy. Rainfall is minimal throughout the year, 
averaging less than 50 millimeters annually. Although all the regions of the Badia (or desert) are 
united by their harsh desert climate, similar vegetation types and sparse concentrations of 
population, they vary considerably according to their underlying geology. 
 
The volcanic formations of the northern Basalt Desert extend into Syria and Saudi Arabia, and 
are recognizable by the black basalt boulders that cover the landscape. East of the Basalt Desert, 
the Rweishid Desert is an undulating limestone plateau that extends to the Iraqi border. There is 
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some grassland in this area, and some agriculture is practiced. Northeast of Amman, the Eastern 
Desert is crossed by a multitude of vegetated wadis. To the south of Amman is the Central 
Desert, while Wadi Sarhan on Jordan’s eastern border drains north into Azraq. Al-Jafr Basin, 
south of the Central Desert, is crossed by a number of broad, sparsely-vegetated wadis. South of 
al-Jafr and east of the Rum Desert, al-Mudawwara Desert is characterized by isolated hills and 
low rocky-mountains separated by broad, sandy wadis.  
 
8.1.3. Climate 
 
The climate of Jordan is mainly arid to semiarid and is characterized by dry hot summers and 
mild winters with extreme variability in rainfall within and among years. More than 90% of the 
country’s land receives less than 200 mm annual rainfall. This restricts agricultural development 
and results in a need to import food. The rain-fed area in Jordan (>200 mmyr-1) is limited and 
restricted to the western and northern highlands. Rain-fed arable lands have been extensively 
degraded due to population pressure, climate and to the struggle to produce more in order to 
satisfy the increasing food demands. Soil degradation in this area is aggravated by the 
overgrazing of crop residues, leading to very low levels of organic matter and increasing the 
potential of water and wind erosion of the topsoil. Most of the rain falls between November and 
March. Rainfall decreases from west to east and from north to south. The rainfall in Jordan is 
characterized by irregularity and high variability and its spatial distribution is closely related to 
topography. Table 8.1 shows the climatic zones of Jordan and Figure 8.2 shows the rainfall 
zones of Jordan. 
 
Table 8.1. Climatic zones of Jordan (compiled from GIS maps of rainfall and regions of Jordan). 
 
 Rainfall (mm)  
Area (Km2) Less than 200 200 - 300 300 - 400 Above 400 Total 
Badia 69100.90 2815.78 196.85 0.00 72014.53 
Uplands 5079.53 3419.16 3496.19 1805.87 13800.75 
Jordan Valley 2477.72 650.45 299.55 0.00 3427.72 
Total 76559.15 6885.40 3992.59 1805.87 89342.00 
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8.1.4. Land Use History 
 
Jordan has a long land use history of agriculture. Irrigation in Jordan has been practiced since 
before Roman times. For centuries there has been sufficient vegetative cover to meet the 
domestic needs for wood and to provide grazing for a large number of animals. Among the crops, 
which were extensively grown during ancient times and still occupy a considerable proportion of 
the drylands today are cereals, grapes, and olives. 
 
8.1.5. Current Land Use 
 
Land use in Jordan falls into four broad types that reflect topography, climate, (especially rainfall) 
and the availability of supplementary moisture supply: 
 
1 – The rain-fed agricultural zone: where rainfall exceeds 250 mm yr-1. The main crops are tree 
crops within the hilly and steeply sloping lands and wheat on the undulating lands. 
 
2 –The low rainfall zone: this includes those lands between 100 - 250 mm rainfall isohyets. These 
lands support steppe grassland and brush species. 
 
The total cultivated area fluctuates significantly due to high variations in precipitation. In 2000 a 
total of 250,000 hectares were planted with various crops. The area under field crop production 
has sharply decreased from 120,000 hectares in 1990 and 145,000 hectares in 1994, to 48,700 
hectares in 2000.  
 
Figure 8.2. Rainfall zones in Jordan
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3 – The desert zone: (<100 mm yr-1) provides a source of grazing. 
 
4 - Irrigated agriculture: In the last thirty years the area receiving irrigation has increased greatly, 
especially in the highlands and the Badia region. In 1967, the total irrigated area was 28,400 
hectares. The irrigated area constantly increased to reach almost 53,800 hectares in 1990 and 
over 100,000 hectares in 2000. Thus, more than 10% of the total arable land and about one third 
of the average cultivated area is now under irrigation. The major irrigated agriculture is in the 
Jordan valley. Most of the area under cultivation is served by surface water supplies transported 
via The King Abdullah Canal. The Jordan Valley is under intensive agriculture due to the 
availability of irrigation water. The total area under irrigation is 36,000 hectares. The major crops 
are vegetables and tree crops including citrus and bananas. In the north of the valley, wheat is 
often grown on stony soils. The irrigation water used in summer has high salinity because surface 
water supplies are mixed with treated sewage effluents coming from the largest treatment plant in 
Jordan (Kherbet As-Samra). Irrigation with such waters will eventually lead to soil salinisation that 
has to be dealt with properly for sustainable crop production in the Valley. In Jordan, cultivation 
has been extended to marginal areas due to limited land resources, contributing to degradation of 
soils and vegetative cover. Farmers are trying to produce more food either by expanding their 
traditional low-input practices into forestland, or onto drier and more fragile lands, or by 
eliminating fallow periods. As a result, the more vulnerable fertile topsoil is eroded by water or 
wind. Recent studies had indicated that the steppe region (100-200 mm rainfall) is subjected to 
the highest rate of degradation in Jordan. 
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8.2. Data Availability and Acquisition 
 
8.2.1. Climatic Data 
 
Jordan Meteorological Department (JMD) is the only agency in Jordan that has long-term 
archives of climatic data in digital format. Thirty weather stations are operated by JMD across 
Jordan (Figure 8.3). All weather data (rainfall, temperature, and humidity) were acquired from 
JMD for the thirty weather stations from the start date of acquiring weather data at each station 
(Table 8.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3. Position of weather stations throughout Jordan. 
 
 
8.2.2. Geographical Information System (GIS) Data 
 
Several GIS maps were acquired from different sources inside and outside of Jordan during the 
course of this research project and at various stages. These maps include the following: 
 
- 1:250,000 Land Use Map (Royal Jordanian Geographic Centre (RJGC))  
- 1:250,000 Natural Vegetation Map (Digitized from a map published by RJGC)   
- 1:500,000 SOTER Map 
- 1:10,000 Land Use Map of the Jordan Valley (Jordan Valley Authority).  
- 1:250,000 Jordan Developmental Regions (RJGC)  
- 1:250,000 Jordan Ecological Zones Map (Digitized from a map published by the United Nation 
University) 
 
8.2.3. Long - Term Experimental Soil Data 
 
During this research project, an attempt was made to collect all available relevant data relating to 
soil measurements that have been carried out in Jordan and part of neighbouring Syria. 
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The following agencies in Jordan were contacted to acquire the available soil carbon data: 
 
1. Jordan Ministry of Agriculture 
2. The National Centre for Agricultural Research and Technology Transfer (NCARTT): NCARTT 
has six experimental stations located throughout Jordan (Figure 8.4), in which agricultural 
experiments are carried out. 
3. The University of Jordan 
4. Jordan Valley Authority 
 
It was found that these agencies do not have long-term experimental data necessary to 
parameterize the Century and Roth-C models. The data that some of these agencies did have is 
for sporadic points across the country with no geographical coordinates. It is therefore impossible 
to relate the measurements overtime. In most cases, other parameters were also missing, such 
as the depth at which the soil sample was taken, bulk density, or soil texture. This made the use 
of such data not possible. 
 
 
Figure 8.4. Location of NCARTT experimental stations. 
 
Other agencies in neighbouring Syria such as The International Center for Agricultural Research 
in the Dry Areas (ICARDA) and The Arab Center for the Studies of Arid Zones and Dry Lands 
(ACSAD) were visited to search for any long-term experimental soil data that these agencies 
might have for Jordan. Only ICARDA has long-term experimental soil data for the Aleppo area/ 
Syria. The use of such data was not justified for the Jordanian case study because Aleppo 
climate and soil conditions do not match any area in Jordan. 
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8.2.4. Statistical Data 
 
Other important data for this research project such as data from the population census, animal 
statistics, crop statistics, and fertilizers application quantities were acquired from Jordan 
Department of Statistics (DOS) and other agencies (Table 8.2).  
 
Table 8.2. Statistical data collected for the Jordanian case study. 
 
Type of data Source 
Population census and projection: 1994-2002 
 
Animal statistics (by Governorate): 1995 – 2002. 
Sheep, goats, cattle, and poultry 
 
Crop statistics (by Governorate ): 1994 – 2002.  
Cereals, vegetables, fruits, olives, citrus, and 
banana 
 
Irrigation statistics (by Governorate): 1994 – 2002.  
Irrigated areas and rain-fed areas 
 
Fertilizer statistics (by Governorate): 1997 
Areas under chemical fertilization; areas under 
organic fertilization and areas with no fertilization  
 
Jordan Department of Statistics (DOS) 
Average use of chemical fertilizers (kg ha-1) 
(Jordan): 1975 – 2002 
 
Total usage of more than 25 chemical fertilizers 
(Metric ton) (Jordan):  1961 – 2002 
 
Statistical, Economic and Social Research 
and Training Centre for Islamic Countries 
 
 
8.2.5. Primary Soil Data 
 
Due to the lack of long-term experiments in Jordan, surface soil samples (0-20 cm) were 
collected throughout the country for soil organic carbon determination. The aim of the sampling 
was to validate the data provided by a private organization that carried out a national soil survey 
for Jordan. The first group was comprised of 100 samples collected in a north-south transect of 
Jordan. The second group of samples (also 100), were collected in an east-west transect. Most of 
the samples were collected from the cultivated areas of Jordan. The type of land use and land 
management at each site collection was recorded at the time of sample collection. 
 
 
8.3. Model Evaluation 
 
A lack of long-term experimental (LTE) data with measured soil organic carbon in Jordan 
prevented evaluation of both the Roth-C and Century models by standard methods (e.g. running 
the models with data inputs from long-term experiments to see if they are able to simulate 
experimental results). The use of crop yield data and available organic carbon measurements, in 
conjunction with soil organic C determination for 200 surface soil samples collected throughout 
Jordan, compensated to a certain extent for the lack of experimental data. The use of a GIS 
technique to cross-tabulate measured organic carbon values for the 200 samples with the 
mapped data resulting from Roth-C and Century model runs proved to be a potential alternative 
tool for countries where LTE data are limited. 
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Several model runs were carried out and model inputs calibrated before the models were able to 
reproduce measured annual yields. Yields of banana, citrus, other fruits, cereals, and vegetables, 
as well as biomass productivity from overgrazed rangelands and well managed rangelands, were 
examined against the modelled outputs from both Century and Roth-C. Cereals grown in the 
Uplands, the Jordan Valley and the Badia regions give different yields. Olive trees are, similarly, 
grown in different regions of Jordan and give different region dependent yields. Vegetables are 
mostly grown in the Jordan Valley and the Badia. These differences were taken into consideration 
and each crop was modelled based on its actual yield in the specific geographical area where it is 
grown. The results show that such a technique could be used for soil carbon model evaluation in 
cases where soil carbon measurements from long-term experimental data sets are not readily 
available.  
 
Also, for the purpose of model validation, a GIS map of Jordan was produced through intersecting 
Jordan developmental regions, ecological zones, rainfall polygons, and the Jordan SOTER soil 
map. The GIS map of Jordan (Figure 8.5) contains 498 polygons. The latitude and longitude for 
each polygon were added to the database of this map. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5. GIS map of Jordan. 
 
 
 
The locations of the 200 samples were converted into GIS format with their attributes. A 
methodology adopted by Al-Adamat (2003) and Al-Adamat et al. (2003) was used to spatially join 
the database of the soil samples map (Figure 8.6) with the map of Jordan that contains all soil 
data (Figure 8.5). This operation updated the database of the soil samples map with the bulk 
density, and other soil parameters. The actual carbon stock was calculated in a new field within 
the database. The modelled values of soil carbon stocks (SOMTC) (tonnes ha-1) from both Roth-
C and Century where then converted into GIS by linking them to Figure 8.5. Both, the modelled 
values for the year 2000 and the actual carbon stocks were plotted against each other to 
demonstrate the validity of the model runs. This method has also proved to be a valid way of 
validating the model runs for a certain year. 
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Figure 8.6. Map of Jordan showing location of soil samples. 
 
 
8.4. Land Use Scenarios, Current and Future 
 
Sections 8.1.4 and 8.1.5 give a general overview of land use history and current land use in 
Jordan. As mentioned earlier, Jordan has a long history of land use in cropping and irrigation that 
dates to pre Roman times. In order to run The GEFSOC Modelling System sequences of change 
in land use over time (historical, current and future) needed to be determined. The current land 
management scenarios used in this project were based on the records of the Department of 
Statistics and expert judgment (www.dos.gov.jo). Inferences about land use change in the future 
were based on current trends, for example increasing population levels around Amman and other 
smaller cities, a general trend for urban expansion, increases in irrigation (especially in the 
Jordan Valley where the amount of land under irrigation has increased almost 4 fold in the last 40 
years) and degradation of pasture land and expert judgement. Land use change was also based 
on FAO projections (www.fao.org) for 2015 and 2030 of changes in cropping area and crop 
production (FAO 2002). For the purpose of this research project, Jordan was divided into 5 
zones: the Badia, the North Uplands, the Middle Uplands, the South Uplands, and the Jordan 
Valley.  
 
8.4.1 The North Uplands 
The prevailing land use in the North Uplands includes the production of cereals and olives, forest, 
and urban centres. The amount of forest recorded in Jordan for the year 2000 was ca. 86,000 ha 
(www.fao.org), of which more than 80% is in the North Uplands (based on expert judgments).  
Table 8.3 shows the land management sequences for the North Uplands between 1900 and 2000 
and the projected future land management between 2000 and 2030.   
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Table 8.3. Jordanian North Uplands land management sequences 
SG: Short grass, CR: Cereals, FR: Fruits, OV: Olive, URB: Urban, FOR: Forest 
 
8.4.2 The Middle Uplands 
The Middle uplands are dominated by urban centres and is where the major cities of Jordan are 
located (Amman, Salt, and Madaba) which are home to > 60% of Jordan’s population. In the past, 
cereals were grown in the Middle Uplands. The present land use includes rain-fed olives (a major 
crop in these areas), natural and man-grown forests (ca. 15% of Jordan total forestland), with 
small areas cultivated with cereals. The future land management scenarios for the Middle 
uplands suggest that more urbanization will take place. Table 8.4 shows the historical and the 
projected future land use/management in the Middle Uplands. 
 
Table 8.4. Jordanian Middle Uplands land management sequences 
LPMS: Low production Mediterranean grass, CR: Cereals, FR: Fruits, OV: Olive, URB: Urban, 
AB:  Abandoned land, FOR: Forest 
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8.4.3 The South Uplands 
The South uplands have small areas of forest. In the past, some areas were cultivated with 
cereals. The present land use includes urban centres (several cities are located in the South 
Uplands including Karak, Tafilah, and Shawbak), olives and cereals. In the future, it is assumed 
that urbanization and olive growing will increase. Table 8.5 shows the historical the projected 
future land use/management in the South Uplands. 
 
Table 8.5. Jordanian South Uplands land management sequences 
HPMS: High production Mediterranean grass, CR: Cereals, FR: Fruits, OV: Olive, URB: Urban, 
AB: Abandoned land, FOR: Forest 
 
8.4.4 The Jordan Valley 
Historically, the Jordan Valley was savanna. In recent history people started to cultivate crops 
such as cereals. At present, the Jordan Valley is the major area for irrigated agriculture in Jordan. 
Citrus, banana, and vegetables are the major crops grown in the Jordan Valley. Small areas are 
cropped with olives. Table 8.6 shows the historical and the projected future land 
use/management in the Jordan Valley. 
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Table 8.6 Jordan Valley land management sequences 
SAV: Savanna, CR: Cereals, CT: Citrus, BN: Banana, VEG: Vegetables, OV: Olives, URB: Urban 
 
8.4.5 The Badia 
The Badia region covers more than 72,000 km2. This area is mostly rangeland. The natural 
vegetation consists mainly of short grasses and shrubs. In the 1970s, small areas in the Badia 
were cultivated with cereals. In the 1990s, the Jordanian government permitted the digging of 
wells to provide water for vegetable production (Al-Adamat, 2003 and Al-Adamat et al., 2004). 
Also, in the 1990s, there was a massive increase in the number of sheep and goats in the Badia 
that caused devastating damage to the rangelands. In this research project a land management 
scenario was suggested for the Badia based on expert judgment from The Badi Research and 
Development centre. This scenario is given in Table 8.7. 
 
 
Table 8.7 Jordan Badia land management sequences 
GRL: Good Rangelands, CR: Cereals, AB: Abandoned Farms, DRL: Degraded Rangeland, VEG: 
Vegetables and URB: Urban. 
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8.5. Regional C Stocks, Current and Future 
 
Estimated SOC stocks in Jordan for the years 1990, 2000 and 2030 determined using Century 
output from The GEFSOC Modelling System, are presented in Figures 8.7, 8.8 and 8.9. The 
stocks vary from less than 5 t C ha-1 to 27 t C ha-1, which can be considered low in comparison to 
other regions of the globe.  
 
 
 
Figure 8.7. Soil organic carbon stocks in Jordan, 1990, determined using Century output from 
The GEFSOC Modelling System. 
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Figure 8.8. Soil organic carbon stocks in Jordan, 2000, determined using Century output from 
The GEFSOC Modelling System. 
 
Figure 8.9 Soil organic carbon stocks in Jordan, 2030, determined using Century output from The 
GEFSOC Modelling System. 
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As expected, the lowest SOC stocks are located in The Badia area, which represents about 90% 
of the Jordanian territory, while The Jordan Valley and the north part of the Highlands present the 
highest SOC stock values (less than 10% of the entire country). It could also be noted that in The 
Badia region there are three main classes of SOC stocks, varying from less than 5 t C ha-1 up to 
15 t C ha-1 for the years 1990 and 2000. For the year 2030, only the first two classes dominated 
The Badia region (Figure 8.9), suggesting that the SOC stock was reduced, probably related to 
rangeland degradation due to overgrazing activities.      
 
Figure 8.8 shows SOC stocks in Jordan for the year 2000. It is interesting to note that there is a 
general agreement between the distribution of different SOC stock areas in The Badia (desert) 
and the Jordan ecological and developmental zones (Figure 8.10.).  
 
Despite the variation in time (1990-2030) and land use change scenarios (Section 8.4 of this 
report) the middle and northern parts of the highlands seem to present very similar SOC stocks 
for the current and future conditions. Small patches of high SOC located in the highland areas 
with SOC stocks ranging from 20-25 t C ha-1 tended to be maintained throughout time. 
 
Figure 8.11. shows SOC (Tg) for the top 20 cm for the different ecological and developmental 
zones in Jordan. The only zone that presents significant changes through time is The Badia. The 
Badia area shows a decrease in SOC stocks of 5 Tg for the period 1990-2000 and about 8 Tg for 
2000-2030. The overall decrease in SOC in the period 1990-2030 for The Badia represents about 
26.5% of the total SOC stock for Badia region in 1990. This decrease can also be noted in Figure 
8.7, which is dominated by the SOC stock classes < 5 t C ha-1 and 5-10 t C ha-1.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.10. Jordan ecological and developmental zones. 
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Figure 8.11. SOC in Tg for the top 20 cm for the Jordan ecological and developmental zones. 
 
 
 
A more detailed analysis is necessary for The Badia area, in order to determine the main land 
use changes associated with SOC decreases. Figure 8.12. illustrates SOC stocks for different 
land uses in The Badia region, showing that good and degraded rangelands (in 1990) and 
degraded rangeland (in 2000) are the main contributors to the total SOC stocks. Abandoned 
areas and vegetables are the main land uses that accumulated SOC in the projected stocks for 
2030. This can be seen in Figure 8.13., which presents SOC stock change rates.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.12 Soil organic carbon stocks for different land uses in The Badia region, Jordan. 
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Figure 8.13. SOC stock change rates for the land uses in The Badia region, Jordan. 
 
It should also be noted that SOC stocks under vegetable cultivation shows a slow increase, from 
1.67 Tg in 1990 to 3.68 Tg in 2030; while soils under cereal cultivation show a drastic decrease 
from 1990 to 2030 (from 5.03 to 047 Tg). SOC stocks in abandoned areas were not significant in 
the year 2000 (about 0.3 Tg), but increased by 28 times for the year 2030 (Figure 8.12.). SOC on 
abandoned lands decreased substantially, more than 35% (on a unit area basis) in the Southern 
Uplands, for example. However, because so much land is predicted to be abandoned in the 
future, SOC stocks associated with this land use class are expected to increase dramatically. 
Figure 8.12. confirms that the most important alteration in SOC stock was associated with 
rangeland areas. This trend could be partially explained by recent events in rangeland areas in 
Jordan. Subsidies, aimed at increasing livestock stocking rates, were introduced by the World 
Bank and the government of Jordan in the 1980s and 1990s. Many farmers who had previously 
not owned livestock bought sheep to graze in the rangelands. The good rangeland areas rapidly 
became overgrazed and degraded potentially resulting in decreased SOC stocks and “degraded 
rangeland.” Without adequate management practices being adopted, the SOC stocks tend to 
decrease even more, as can be seeing in the projections made for the year 2030 (Figure 8.9). 
 
 
8.6 Comparison of Current Stocks With Outcome From Existing 
Methods 
 
At the time of writing of this report, as far as the authors were aware, no regional or soil organic 
carbon stock estimates existed for Jordan. Therefore, new SOTER-methods were developed to 
compute national-scale SOC stocks, using data held in the secondary SOTER databases 
developed under this project. Three approaches were taken and full details are given in Section 
4.2. The first of which was  
 
A) The carbon content to 0-30 cm was computed for each representative profile, which was 
then linked to the spatial information held on the GIS map annexe database. 
 
This approach was used for Jordan and the resulting map derived (Figure 8.14.).  
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Figure 8.14. Soil organic carbon stocks in Jordan derived using a mapping based SOTER 
approach. 
 
This stock map was then compared with the year 2000 Century output from the GEFSOC 
Modelling System, keeping in mind that GEFSOC output is for 0-20 cm whereas SOTER output is 
0-30 cm. Output for the year 2000 was used to represent the current situation. Both systems 
show highest stocks in the Jordan valley and lowest in the Badia or desert area. The SOTER 
based method shows less than 6 t ha-1 through almost all of the Badia and Wadi Araba with 
stocks rising to greater than 6 t ha-1 in most of the highlands and stocks of 14-23 t ha-1 in The 
Jordan valley and parts of the highland. Century outputs from The GEFSOC system show stocks 
of less than 5 t ha-1 for the southern Badia and stocks of 5-10 t ha-1 in the far north western Badia 
bordering Iraq. There is an area where there is a marked difference between the two systems, in 
the northern Badia moving into the Central part of the Badia, the GEFSOC estimates are 
relatively high compared to the SOTER estimates. In this region the GEFSOC estimates are 
above 10 t ha-1 whereas the SOTER estimates put most of this area at less than 6 t ha-1 (Figure 
8.14.).  
 
The 4th method (method d) of estimating SOC stocks using the SOTER mapping based 
approach was through simulation of phenoforms, using the typical profile as the genoform 
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(Droogers et al., 1997; Bouma et al., 1998) (Section 4.2.) . This Method was found to be the most 
useful, because it allows defining 95% confidence intervals for median soil carbon stocks at 
national scale, as opposed to the single estimates obtained with the other methods outlined. 
Using method d) total stock estimates of between 76 – 78 Tg were obtained for Jordan at 0-30 
cm. This compares well with the Century output from the GEFSOC Modelling System for the year 
2000 of 67 Tg for the first 20 cm. Output from RothC was 35% higher than Century at a value of 
104 Tg. The GEFSOC Modelling System includes the IPCC method, which gave a considerably 
higher total stock value of 242 Tg for 2000. This value was high because of the way the IPCC 
method works. The IPCC method requires generalized land management information according 
to specific land use and land management classes (Ibid 2003).  Land use management is 
classified according to IPCC guidelines and these classifications are used to drive the IPCC 
method. None of the classifications given in the IPCC guidelines are specific to the sparse arid 
grazing lands which cover large areas of Jordan. Default grazing land classifications had to be 
used and these were derived from more productive, less arid areas of the globe. This therefore 
led to an overestimation. The results do, however, highlight the need for more detailed land 
classifications in the IPCC Tier 1 method. 
 
 
8.7 Discussion and Conclusions 
 
Of the four case study countries considered in this project, Jordan has the lowest soil organic 
carbon stocks and the lowest potential for future C sequestration. However, the information 
gleaned from this case study is important, not least because Jordan can be seen as 
representative of dryland areas, which occupy over 40% of the Earth’s land surface. Soil organic 
carbon status in dryland areas can give an important indication of the lands susceptibility to 
degradation, or potential for rehabilitation, which, in turn can affect human livelihoods.  
 
This case study identified overgrazing, leading to degradation of rangelands as the single most 
important issue facing Jordan, in terms of soil organic carbon stocks. The problem of overgrazing 
in Jordan has been accelerated over the past 2 decades by urban expansion, inappropriate use 
of agricultural subsidies and an encroachment on the traditional grazing regimes of the Bedouin 
people. Whereas in the past, areas tended to be grazed in rotation, with respite periods allowing 
pasture recovery, recent increases in the livestock population have led to continuous grazing 
leading to eventual degradation. Recent initiatives by The Jordanian Government, made through 
the Badia Research and Development Centre have been made to try and reverse this trend. 
Community based projects have been established that encourage sustainable pasture 
management regimes and use protective shrubs such as Atriplex, to reduce erosion and increase 
SOC status. Expansion of such projects will be essential for SOC stocks and implications for land 
degradation in The Badia region of Jordan in the future. 
 
The GEFSOC Modelling System estimated a substantial decrease in SOC stocks for areas under 
cereal production from 1990-2030 and an increase in SOC stocks for areas under vegetables 
during the same period. Vegetable production occurs almost exclusively in the Jordan valley and 
is dependent upon irrigation. During the summer months, irrigation water is mixed with semi-
treated waste-water, resulting in salinisation of the soils. Salinisation leads to a loss of 
productivity and therefore a decrease in returns to the soil and SOC. The GEFSOC Modelling 
System does not currently take into account the effects of soil salinisation on SOC and it is 
therefore probable that the increases shown in SOC under vegetable production are too high. 
There are future plans to include the effect of soil salinisation in The GEFSOC Modelling System.  
 
Under the land use change scenario considered here, the amount of abandoned land is projected 
to increase from 2000-2030. This land use change is shown to be important for increasing SOC 
stocks in Figure 8.11. If lands are not irretrievably degraded before becoming abandoned then 
potential for rehabilitation exists. However, severely degraded lands in such an arid climate are 
likely to become desert if they are subject to wind erosion. An inclusion of an erosion sub-model 
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in The GEFSOC Modelling System would allow a more accurate prediction of SOC stocks in 
abandoned range and crop land under arid conditions. There are future plans to include the effect 
of soil erosion in The GEFSOC Modelling System. 
 
Conclusions 
 
- Degradation of rangelands is the single biggest problem facing Jordan in terms of 
future SOC stocks. 
 
- The GEFSOC Modelling System proved to be a useful tool for estimating SOC 
stocks under the ‘business as usual’ land use change scenario simulated in this 
study. 
 
- Output from the Century component of the GEFSOC system proved to be 
comparable with estimates made using a mapping approach based on the 
SOTER database. 
 
- Estimates of SOC stocks for arid areas using the GEFSOC Modelling System 
could be improved by including an erosion sub-model and by taking account of 
the effects of salinisation.  
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9. SYNTHESIS 
 
9.1 .  Site-scale, National and Sub-national Scale Data Sets  
 
9.1.1. Site Scale Data Sets 
 
Site-level validation of the models used in any regional soil carbon inventory is critical to verifying 
the utility of the models used.  For this process, collaborating scientists were able to accumulate a 
number of data sets to validate model performance.   
 
 Kenya: Data from two long-term agricultural experiments allowed the Kenyan 
collaborators to build maize, bean and sorghum crops to drive the models based on 
actual results from the region.   
 The Brazilian Amazon: The Brazilian collaborators were able to develop model input 
parameters for well-managed and degraded pasture, native forest and abandoned forest 
in order to drive the models.   
 The Indian Indo-Gangetic Plains: Data from agricultural experiments in the IGP were 
used to fine-tune the production levels of existing rice, wheat, and vegetable crop 
parameters to make them regionally-appropriate for the IGP.   
 Jordan:  Forage and crop production statistics from the Jordan Valley, Uplands, and 
Badia were used to develop new crop and tree parameterizations for Badia rangeland, 
olives, citrus, and measurements from soil C transects were used to provide overall 
validation that the model results were appropriate for the soils of the region. 
 
These data sets are unique and important for several reasons: 
 
 Prior to this study, they had not been made available to the scientific community in the 
context of studying soil carbon and greenhouse gas inventories, or simply had not been 
released to the scientific community at all. 
 They represent portions of the globe that have previously been underrepresented in the 
scientific literature, in terms of SOC stocks. 
 The Century and RothC models were originally developed for temperature regions and 
regional or country-scale inventories using these models have principally been 
accomplished in temperate zones, with few exceptions  
 Due to the uniqueness of each of these studies, different approaches were necessary to 
put them to use because of experimental design and data collection methods.  For 
example, the structure of the pasture studies in the Brazilian Amazon required that the 
Brazilian collaborators consolidate the experiments into a series of chronosequences to 
assess the change in soil C over time.  This approach had not been used before and is a 
novel development in model verification.  In Kenya, the presence of long-term soil fertility 
issues at the KARI-NARL site introduced elements in the model validation process that 
allowed the Kenyan collaborators to more accurately predict regional crop production in 
subsistence agricultural systems. 
 The data that have been consolidated are now available in standardized format for other 
research purposes either related or unrelated to soil carbon or greenhouse gas 
inventories, such as assessments of crop production, soil chemistry, soil salinisation, or 
soil model research and development (see section 9.6). 
 
 
9.1.2. National and Sub-National Scale Data Sets 
 
Under The GEFSOC Project, national and sub-national scale data sets have been collated and 
formatted for soils, climate, land use (historical and current) and land management for The 
Brazilian Amazon, The Indian Indo-Gangetic Plains, Jordan and Kenya. All of these data sets are 
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now in a comparable, standardised format. The GEFSOC project used existing data sets from a 
variety of sources with the idea of consolidating fragmented data into an easily accessible format 
that could be used by a generic modelling system.  
 
Soils 
Each case study area now has a complete Soil and Terrain or SOTER database, with data gaps 
having been filled by existing data and a set of standardised taxo-transfer processes. 
Supplemental data came from a variety of sources, for example unprocessed soil sample data in 
Kenya and data from past projects in Brazil. These SOTERs now form part of the global SOTER 
database, increasing the international knowledge base with regards to soils in tropical and arid 
areas.  
 
Land Use/Management 
Land use and land management data (both historical and current) proved to be the most difficult 
data to assemble for all of the case study countries and is, therefore, probably the most valuable 
in terms of potential utilisation by other people. For historical data, complications caused by 
changes in administrative and ecological boundaries over time had to be accounted for. In-
country data was used where possible as this was seen to represent the most accurate 
information. Governmental statistical reports on agricultural data proved to be useful but had to 
be put into electronic format, something that had not previously been done for 2 of the case 
studies (The Brazilian Amazon and Kenya). It is hoped that this exercise will catalyse electronic 
record keeping for agricultural census data in these countries. In the case of Brazil, the electronic 
version of the agricultural census data created under this project has been made available on a 
governmental website (www.ipeadata.gov.br). In addition to the in country data, data from 
continental and global data sets was also used (e.g AFRICOVER and LANDSCAN). The resulting 
land use/management data sets are the most comprehensive available for all four of these areas. 
 
Climate 
Climate was put together slightly differently for each country, using different types of data, to 
achieve the same goal. The output was, however comparable between countries and will be 
useful for any future ecological modelling projects to be carried out in these areas. 
 
Uses 
We anticipate that the national scale data sets created under this project will have future uses for 
 
- Compilation of national inventories of GHGs 
- Biodiversity assessments 
- Other research projects, including projects carrying out any kind of ecological 
modelling 
- Agricultural planning and policy formation 
- Assessing land degradation associated with land use and land management 
change 
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9.2.  Contributions of the GEFSOC Project to the Development of 
RothC and Century 
 
The Century model has been improved in a number of ways in the course of this project. 
 
 New crop and tree parameters:  The crops and trees listed in Table 9.1 have been either 
improved or newly developed. 
 
 
Table 9.1.  Crop and tree parameters that were either introduced or improved for the GEFSOC 
project. 
 
Crop or Tree Status Country/Region 
Native Tropical Forest New IGP 
Wetland rice Improved IGP 
Winter wheat Improved IGP 
Leafy vegetables New IGP 
Fruiting vegetables New IGP 
Root Vegetables New IGP 
 
Olives New Jordan 
Citrus New Jordan 
Desert Rangeland Improved Jordan 
Root Crops New Jordan 
Fruiting Vegetables New Jordan 
Well-managed Rangeland New Jordan 
Degraded Rangeland New Jordan 
 
Abandoned Land/Regenerating Forest New Brazilian Amazon 
Native Tropical Forest New Brazilian Amazon 
Well-managed pasture New Brazilian Amazon 
Degraded Pasture New Brazilian Amazon 
 
Maize for Subsistence Farming New Kenya 
Beans for Subsistence Farming New Kenya 
Sorghum for Subsistence Farming New Kenya 
Coffee Improved Kenya 
Tea New Kenya 
 
 
 The crop growth sub-model in Century was improved to enhance model performance in 
double and triple cropping systems.  Similarly, in inundated cropping systems such as 
wetland rice, the model was improved to simulate seasonal inundation and anaerobic 
conditions. 
 Improvements to the Century tree growth sub-model to allow improved interactions with 
the modelling system. 
 Improvements to the Century soil C decomposition sub-model to allow better 
performance at high temperatures in tropical soils. 
 The Century model has been improved to enhance usability and flexibility with new 
command-line options. 
 The RothC and Century models have been integrated to run in tandem, using inputs from 
Century to drive RothC. 
 The RothC model, previously only available for Windows, has been compiled to run on 
LINUX and UNIX operating systems. 
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9.3 . Current Soil C Stock Estimates 
 
The four case study countries represent a broad range of environmental conditions, with differing 
land use histories and widely contrasting land management activities. While this diversity 
provides an excellent ‘test bed’ for the GEFSOC system capabilities, it also makes direct 
comparisons between countries difficult because of the many differences affecting soil organic C 
dynamics. To facilitate synthesis and comparisons between countries, results have been 
aggregated into a few broad land use categories, with averaging carried out across climate and 
ecological zones.  More detailed analysis of the model results are given in each of the respective 
case study country chapters. Here the intent is to focus on overall effects of land use on soil C 
stocks and C stock changes. 
 
Present land use distributions (Figure 9.1) differ greatly between the countries. The Brazilian 
Amazon is dominated by comparatively recent land use change, involving forest conversion to 
pasture.  At the opposite end of the spectrum, land use in the IGP of India is predominated by 
long-term cultivation of annual crops, where the dominant changes have been changes in the 
intensity of land management changes. Jordan and Kenya are somewhat more similar as both 
are dominated by large areas of extensive grazing, significant amounts of extensive ‘subsistence’ 
agriculture, along with smaller areas of high intensity agriculture production for commercial use 
(i.e. Mt. Kenya highlands and Jordan Valley). However, Kenya has a greater influence of recent 
land use change involving conversion of native ecosystems to agricultural use, whereas 
increased land use pressure (and degradation) is a major influence in Jordan. 
 
Figure 9.1. Land use distribution in 2000 for the four case study areas.  
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Soil C stocks estimates and their distribution between major land use types and ecological zones 
showed some differences between the three models (Century, RothC and IPCC) and the type 
and degree of agreement also varied between the countries. These reflect inherent differences 
between the models, but also reflect uncertainty in both data and models.  
 
 
Brazilian Amazon: Century estimated higher SOC stocks (~ 32,500 Tg) than either RothC or 
IPCC, which both estimated SOC stocks at ~ 27,000 Tg (Figure 9.2). The model-based estimates 
are somewhat higher, particularly for Century, than map and survey based estimates which yield 
estimates around 21,000 to 25,000 Tg C. Mean SOC density values (Figure 9.6), within land use 
types, show that Century predicts a greater variation (from 45 to 66 Mg C ha-1) compared to 
RothC (43-55 Mg ha-1). As expected, native vegetation and well-managed pasture have the 
highest SOC stock contributors. Native vegetation 
covers about 81% of the Brazilian Amazon area in 
2000, while well-managed pasture comprises only 
5% of the area (Figure 9.1). According to the 
SOTER and other data sets for the Amazonian 
soils, the majority of the soils are non-hydric, 
which was well captured in SOC stocks for the 
year 2000, shown in Figure 5.20. Among the 
different land uses under hydric conditions, the 
largest contribution to SOC stocks comes from 
soils under native vegetation (mainly related to 
evergreen forests), Soybean cultivation show 
mean SOC density values of 53 and 63 Mg ha-1 
for RothC and Century, respectively. These 
relatively high values are justified by the 
management system applied in the Brazilian 
Amazon, where areas which have been converted 
from pasture to agricultural purpose are not only 
cropped with soybean, but also with cover crop 
association (usually millet) and cultivated under 
conventional tillage in the first 1-2 years and then 
under no-tillage system (Figure 5.22 of this 
report). However, because this practice is 
relatively recent, there is a need for field 
measurements to evaluate the validity of these 
estimates. RothC and Century predicted very 
similar mean SOC density values (only 4% 
difference) for abandoned areas in the Brazilian 
Amazon.   
 
Figure 9.2. Soil organic carbon stock distribution in 2000, from Century and RothC models for the 
Brazilian Amazon. 
 
 
Kenya: Roth C and Century predict similar total SOC stocks of ca. 1400-1500 Tg C, although 
between major land use classes RothC estimated higher stocks for grazing land than did Century, 
whereas Century predicted higher stocks under subsistence agriculture and in forest than did 
RothC (Figure 9.3).  The IPCC method (which provides estimates for 0-30 cm depth vs 0-20 cm 
for Century and RothC yielded estimates that were ca 25% higher (2000 Tg). Given the 1/3 
greater soil volume included in the IPCC method (hence higher C stocks accounted for), all three 
methods give comparable results.  For comparison, the estimate of total SOC stocks (0-30 cm) 
using the SOTER method was about 1900 Tg C (see Section 4.2). Hence there is close 
agreement for all three models with the soil map based method of SOTER. Within land use types 
  141
(Figure 9.1), Century showed a greater variation in mean C stocks, ranging from around 20 Mg 
ha-1 under grazing-land and subsistence agriculture to nearly 80 Mg ha-1 in the forest reserve 
(Figure 9.6). Both models predict that commercial agriculture and plantations have the highest C 
stocks (other than forest), reflecting higher 
productivity and C inputs and the more 
favourable climate in ecological zones 1 and 2.  
Subsistence agriculture (concentrated in zones 
3-5) and grazing (3-7) have lower SOC stocks 
reflecting both lower productivity due to the drier 
climate, as well as fewer management inputs 
(e.g. fertilizer). Century shows a climate-land 
use interaction, in that within the same climate 
zone, SOC stocks tend to be higher under 
grazing land than under subsistence agriculture, 
as would be expected due to the greater degree 
of disturbance and residue removal under 
subsistence cropping (data not shown).  
However, grazing lands predominate in the 
driest areas of the county and hence have 
relatively low productivity and C inputs and thus 
mean SOC stocks for grazing land and 
subsistence agriculture, averaged across 
climate zones, were similar in Century. In 
RothC, land use effects predominate such that 
mean grassland SOC stocks are greater than 
under subsistence agriculture, even when 
averaged across climate zones (Figure 9.6). 
 
Figure 9.3. Distribution of SOC stock from Century and RothC models for Kenya in the year 
2000. 
 
Jordan:  SOC stocks in Jordan are the lowest 
of all the case study countries, reflecting the 
semi-arid to hyper-arid climate of the country. 
Estimated total SOC stocks in 1990 and 2000 
are higher in RothC (104 and 102 Tg C, 
respectively) than in Century (71 and 66 Tg C, 
respectively). However, the distribution of 
SOC stocks by land use is similar for both 
models, with rangeland accounting for 69-
76% of SOC (Figure 9.4), on ca. 80% of the 
land base (Figure 9.1). Cropland, both 
extensively managed cereals and intensively 
managed (Jordan Valley) account for 16-22% 
of SOC stocks.  For comparison, total SOC 
estimates using the SOTER method were 76-
78 Tg C, which is about 10% higher than the 
estimate from Century, but about 25% lower 
than the estimate from RothC.  Total SOC 
stocks estimated by the IPCC method are 
much higher, around 240 Tg. This is likely a 
considerable overestimate, which is 
attributable to the use of global default values.   
 
 
Figure 9.4. Distribution of SOC stock from Century and RothC models for Jordan in the year
2000. 
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The IPCC default reference C stock levels for the ‘warm-temperate dry’ region range from 19-38 
Mg C ha-1 (depending on soil type); thus even after applying appropriate reduction factors to 
reflect degradation and other (negative) effects of management, mean SOC stocks cannot be 
less than about 50% of the reference values using the IPCC method. This highlights a limitation 
of using global defaults in the IPCC model, where use of country-specific data for reference C 
stocks would considerably improve the method. Mean SOC stocks (per ha) showed relatively 
small differences between land use classes, especially for Century (Figure 9.6).  Averaged values 
across ecological zone were between 5-8 Mg ha-1 for all land uses except for the intensive 
cropping systems in the Jordan valley where mean stock values were about 10 Mg/ha for 
Century.  RothC predicted higher values of 10-15 Mg C ha-1 for most systems, with highest soil C 
densities in the intensive cropping systems, of almost 20 Mg C ha-1. 
 
India:  In the Indian IGP the rice-wheat cropping 
system is dominant, comprising nearly 50% of the 
total land area (Figure 9.1). SOC stocks for major 
land management systems as predicted by 
Century closely follow the land area distribution, 
indicating relatively small differences in soil C 
densities for the dominant crop systems (which all 
involve rice).  Total year 2000 SOC stocks for the 
region as estimated by Century are 1325 Tg C1 
(Figure 9.5). The IPCC model estimates a total 
SOC stock of 1381 Tg, but this is for a larger soil 
volume (0-30 cm). By comparison, soil map 
derived estimates using the SOTER database 
yield a much lower estimate of around 585 Tg C 
(see Section 4.2).   
 
 
 
 
 
 
 
 
Figure 9.5. Soil organic carbon stock distribution 
in 2000, from Century and RothC models for the 
IGP-India. 
 
 
 
Mean C densities computed by Century, averaged over major land use systems, are shown in 
Figure 9.6.  All three of the multi-crop systems involving rice show average C levels of around 30 
Mg/ha. Stocks in the triple crop system with rice are slightly lower than for rice-wheat and other 
double crop systems, which may be attributable to the dominance of vegetables and root crops 
making up the 2nd and 3rd crops in the rotation, either of which produces less crop residues then 
rice in combination with another cereal crop, such as wheat. Of all cropping systems, the rice-
fallow system shows the highest per ha C stocks, which may be attributable to the lack of soil 
disturbance during the fallow phase combined with some C additions from the vegetated fallow.  
Per area C stocks are highest for the forest-pasture reserve areas, however, they make up only 
0.1% of land cover and thus do not have a significant effect on regional SOC stocks. 
 
                                            
1 Estimates for the RothC model in India are still being quality checked as of date of this report 
writing due to possible problems in managing data inputs for irrigation in the RothC model. 
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Figure 9.6. Mean soil organic carbon stocks (Mg C ha-1) in 2000 for the four case study areas.  
 
 
9.4. Estimates of SOC Trends From 2000-2030 – Comparison 
Between Outputs From the Three Methods 
 
Land use and land management changes for each of the case study countries were estimated 
from 1990 to 2000, based on country data and from 2000 to 2030 based on the FAO projections 
of changes in cropping area and crop production (FAO 2002). In general, the two simulation 
models (Century and RothC) predict overall losses of soil C for all the countries, both for the 
baseline period (1990-2000) and for the future projection (2000-2030). This reflects both 
continued land use change in Brazil and Kenya as well as current and projected land 
management changes, within a specific land use.  In contrast, the IPCC method predicts a lower 
degree of change than the simulation models (Figure 9.7). Each of the country responses are 
described below. 
 
Brazilian Amazon: Although Century predicts higher total SOC stocks (about 17% higher) than 
either RothC or IPCC, all the three different outputs show the same pattern, i.e., a decrease in 
SOC stocks through time (1990-2030), as shown in Figure 9.7. The mentioned decrease is more 
accentuated in the IPCC method, compared to the outputs from the two models, where SOC 
stocks decreased about 5,300 Tg in the period 1990-2030 (from 28,700 Tg in 1990 to 23,400 Tg 
in 2030). It should be mentioned that IPCC figures represent a thicker soil layer (0-30cm) 
compared to the outputs from Century and RothC (0-20cm layer). Although they present 
differences in the actual values, Century and RothC also show the same trend that can be 
visualized from the parallel curves in Figure 5.28. In general, it is possible to say the three 
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different methods from the GEFSOC Modelling System show good consistency in estimating 
SOC stocks for the entire Brazilian Amazon. Moreover, as described in details in section 5.6 the 
current SOC stocks from the GEFSOC Modelling System are comparable to estimates from 
existing methods. Century outputs of current SOC stocks vary from 20 to 150 t C ha-1 in the top 
20 cm of soil, but the majority of the area is under the 60 to 80 t C ha-1 class of SOC stocks. For 
RothC, SOC stocks vary from 20 to 80 t C ha-1 in the top 20 cm of soil. For both Century and 
RothC models, total stocks of SOC under native vegetation showed a decrease through time due 
to the area reduction according to the land use scenarios described in Section 5.4 of the present 
report. If the projected deforestation for 2000-2030 actually occurs, in 2030 about 4,200 Tg C 
would be lost from soil, compared to the estimated value in 1990. Areas that have been 
converted from pasture to agricultural purpose are mainly cropped with soybean, with cover crops 
(usually millet), and cultivated under conventional tillage in the first 1-2 years and then under no-
tillage system (Figure 5.22). With the no-tillage system, predicted SOC stocks showed an 
increase through time (2000-2030) under soybean cultivation. The obtained increased figures 
were 58 Tg and 131 Tg for RothC and Century, respectively. Agriculture expansion can also be 
observed by the SOC stock change rates, where soybean shows the highest change rates (40 
and 50 Tg SOC for RothC and Century, respectively) among the different land uses in the 
Brazilian Amazon. Soil organic carbon stocks are increasing through time in the abandon areas, 
from 217 Tg in 1990 to 620 Tg in 2030, the same pattern (but not in the same magnitude) was 
observed for well-managed pasture from 1990 to 2030. 
 
 
 
Figure 9.7. Trends in SOC stock from Century, RothC and IPCC methods for the four study case 
areas. 
 
India:  Century estimates that SOC stocks increase by about 4.5% from 1990 to 2000, mainly due 
to an increase in SOC stocks due to increasing productivity in rice-based systems. Losses (32 
Tg) occur from conversion of non-cropland (pasture-forest) to cropland but these were 
outweighed by increases in mean soil C density for rice-based crop systems. Projections of future 
land management changes by 2030 show a near elimination of fallow-rice system, which has the 
highest cropland soil C density and a doubling of area under triple cropped rotations, which has 
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the lowest mean soil C density of the rice-based systems. Hence, total SOC stocks are predicted 
to decline to approximately the same level as in 1990. In contrast, the IPCC model shows 
essentially no change in soil C stocks from 1990 to 2030 (Figure 9.7). This behaviour illustrates a 
limitation of the IPCC method when using default stock change factors. The IPCC is based on a 
classification of land use and management systems where stocks are estimated by stock change 
factors that relate to type of land use, management intensity and residue management 
(representing C input levels), tillage intensity, etc.  From these factors C stocks are computed for 
a system that has been classified. Changes in land use and management (given by changes in 
the areas associated with each ‘class’) determine the changes in C stocks.  In the case of India, 
changes in management within a single land use type, continuous annual cropping, is the main 
dynamic. The IPCC default management factors are broadly defined and hence most of the 
management systems (e.g. rice-wheat, triple crop rotations, etc.) are given the same 
classification and hence the method predicts no change in C stocks. 
 
Jordan:  Both Century and RothC predict soil C losses over time, driven almost exclusively by 
pasture and rangeland degradation, with the onset of excessive overgrazing beginning before 
1990, with the effects continuing to 2000 and beyond (Figure 9.7). Century predicts a loss of 
0.7% yr-1 of total C stocks between 1990 and 2000, declining somewhat to 0.46% yr-1 between 
2000 and 2030.  RothC predicts a lower relative rate of change, due to the higher C stocks 
estimated by the model, however, absolute loss rates from grassland degradation were similar to 
estimates by Century. Some increase in SOC stocks under intensive cropland is predicted by 
both models, due to projected improvements in production and C inputs. However, the area 
concerned is small and thus impacts on total SOC stocks are minimal. 
 
Kenya: All three models estimate net losses of soil C over time in Kenya (Figure 9.7), due 
primarily to continued conversion of savannah (grazing land) to subsistence agriculture and, 
Century and RothC, a legacy effect of previous (before yr 2000) forest conversion to cropland. In 
the projection period (2000-2030) it was assumed that remaining forest areas would be preserved 
so that there is no further land use conversion of forest after 2000. Loss rates predicted by RothC 
are somewhat higher than predicted by Century, mainly because the differences in SOC stocks 
between grazing-land and subsistence agriculture predicted by RothC are greater and hence 
losses associated with this land use conversion are greater with RothC. 
 
9.5. Future SOC Stock Estimations for 2030 – Implications for 
Land Use and Land Management Plans and Policy Implications 
 
Some general recommendations for the study countries can be suggested taking into account the 
SOC stocks estimations for 2030. The intention here is to provide some thoughts about land use 
and land management plans and policy that could avoid or reduce the effects of land degradation 
in the four study areas discussed in the present report.  
 
It is well known that land degradation is a worldwide phenomenon impacting nearly every country, 
including about 80 developing nations. About 23% of globally used land has been or is being 
degraded. It is estimated that 16% of cropland and a much higher percentage of all agricultural 
land has been significantly degraded. Land degradation damages soil structure and leads to the 
loss of soil nutrients through processes such as water and wind erosion, waterlogging, 
salinisation and soil compaction (GEF, 2005). 
 
In the Brazilian Amazon, stopping (or at least reducing) deforestation is an obvious 
recommendation. Deforestation and forest degradation results in forest cover loss, leading to 
further land degradation. The major causes of deforestation are, conversion of woodlands for 
large-scale livestock and crop production, illegal logging, over-harvesting of fuel wood and fires 
set to clear land. Therefore, the main reasons for forest destruction are: agricultural subsides that 
encourage conversion of forest to pasture or cropland, economic incentives for inefficient and 
wasteful logging practices, and lack of government and local institutions ability to effectively 
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manage forests. It is now widely accepted that one of the main problems (if not the main problem) 
for maintaining forest cover is that it is only rarely a viable financial proposition. In contrast, forest 
exploitation, like one-off logging and conversion to agricultural use, continue to be highly 
profitable activities in the current economic and political climate. The global externality associated 
with deforestation can be viewed as a case of missing markets for environmental services such 
as carbon sequestration and biodiversity conservation. International payments, transferring 
financial resources form consumer nations in recognition of the global public good-value of 
forests, appear to have real potential. 
 
In the case of IGP-India, some agricultural practices may be avoided or have their intensity 
reduced, such as inappropriate crop intensification, especially under mono-cropping systems; 
expansion of agriculture into marginal lands; use of farm machinery and farming practices that 
are not suitable for local soil and water conditions, rational use of fertilizers, especially the 
inorganic ones; adoption of improved/conservative tillage practices that do not adversely impact 
the stability of soil structure. In the case of irrigated areas in the IGP-India, a main cause of land 
degradation may be related to poor water and irrigation system management, which can lead to 
waterlogging and soil salinisation. Most of these problems are not easily discernable by analyzing 
soil C dynamics at the national level. However, productivity losses and soil degradation will be 
reflected in declining soil organic C stocks, particularly when viewed at a local level where more 
specific cropping system alternatives can be analyzed. 
 
In Jordan and Kenya, recommendations should focus on improving or maintaining soil fertility and 
avoiding land degradation due to overgrazing and conversion to poorly sustainable subsistence 
cropping practices. Overgrazing leads to loss of vegetation cover and soil compaction due to 
trampling, both of which make land more vulnerable to wind and water erosion. Therefore, some 
general recommendations for rangeland systems include improving grazing and enhancing the 
policy and institutional capacity to manage rangeland sustainability.  In Kenya, more sustainable 
cropping systems, for example agro-forestry approaches, for low-income subsistence farmers 
could improve soil sustainability and agricultural production.  
 
The issues pointed out here are important, as The GEF and most of other supporting agencies, 
prioritise funding projects that address the core cause of land degradation, especially 
desertification and deforestation (GEF, 2005). 
 
 
9.6. The GEFSOC Modelling System and Data Sets – Potential 
Future Uses 
 
This project was co-financed by The Global Environment Facility (GEF) to provide the GEF with a 
tool to enable them to identify the likely impacts of national and sub-national scale proposed GEF 
projects on carbon stocks and changes. The GEF provides grants for developing countries for 
projects that benefit the global environment and promote sustainable livelihoods. The GEF is a 
major international funding organisation providing $4.5 billion in grants to developing countries 
since 1991 and mobilising almost 4 times that amount in co-financing. Use of the GEFSOC 
Modelling System, by the GEF, will therefore, have far reaching consequences throughout the 
developing world. The GEFSOC Modelling System is freely available for download via the 
GEFSOC website (www.rdg.ac.uk/GEFSOC) to anyone wishing to use it for research, education 
or non-profit activities. The system also provides great potential use for a variety of other end-
users. Details are given below: 
 
Use by the GEF 
This system will be used by the GEF to provide information on the likely impacts of national and 
sub-national scale projects (that propose land use/management change) on soil carbon stocks 
and changes. This in turn will give an indication of likely effects of proposed projects on 
sustainability, soil fertility, biodiversity, water holding capacity and erodibility. There are already 
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plans to use the GEFSOC Modelling System in the GEF Land Degradation Assessment in Dry-
lands (LADA) Project, which aims to build national, regional and international capacity to design 
and implement interventions to mitigate land degradation and establish sustainable land use and 
management practices. Part of the remit of LADA is also to consider impacts on carbon storage. 
The LADA project involves 6 countries: Argentina, China, Cuba, Senegal, South Africa and 
Tunisia. In addition the system will be used in a GEF project involving several West African 
countries. 
 
Although originally designed for use at the national and sub-national scales, in principle The 
GEFSOC Modelling System can be used at finer scales where complex systems are involved. 
The primary limitation for use of the system at any scale is the availability of data sets. There are 
plans to use outputs form the GEFSOC project in a GEF large scale watershed project in Kenya 
and hopefully to use the system itself at the watershed scale in the future.  
 
Use in Non-GEF Projects 
The GEFSOC Modelling System will be used in the NASA-LBA (Large Scale Biosphere 
atmosphere) proposal entitle “Land-atmosphere exchanges of carbon dioxide and nitrous oxide 
associated with agricultural expansion in the Brazilian Amazon” submitted to NASA under the 
NASA Research Announcement No. NNH05ZDA001N-LBA. The project goal is to estimate the 
changes in net land-atmosphere fluxes of CO2 and N2O related to agricultural expansion and 
intensification in the Brazilian Amazon over the last four decades. The GEFSOC Modelling 
System is freely available for use in other similar projects, providing necessary data and some 
expertise in GIS are available. 
 
Data sets from the GEFSOC project will be used in a variety of ways. The Brazilian Amazon case 
study of The GEFSOC Project was an official partner of The LBA Project. Soils data from the 
case study are already available for download to other researchers working in the Amazon via the 
LBA’s Beija Flora online database. It has been agreed that the site scale and national scale data 
sets for all of the GEFSOC case study countries will be used in the UK QUEST Project to 
calibrate soil components of a number of Digital Global Vegetation Models. Outputs will also be 
compared with GEFSOC Modelling System Outputs. Use of GEFSOC Project outputs is formally 
written into the QUEST Project document. In addition doctoral and masters students are using 
data sets from the project at The University of Aberdeen in the U.K. and The University of Nairobi, 
Kenya. 
 
Use by Policy Makers and Land Use Planners 
Outputs from the GEFSOC Modelling System will allow land use planners and policy makers to 
estimate the likely impacts of large scale land use plans on soil organic carbon stocks. This may 
alert them to potential land degradation problems that can follow SOC stock depletion. The ability 
to estimate the effects of plans on SOC stocks can be used as an indicator of the sustainability of 
a land use. It will also allow policy makers to allocate national resources more efficiently, if they 
are aiming at increasing national carbon stocks and entering into future carbon markets. 
 
Use by the Intergovernmental Panel on Climate Change and in Assembling National GHG 
Inventories 
The IPCC provides guidelines for estimating emissions and/or removals (sinks) for soil C from 
land use (agriculture and forestry) activities as part of national greenhouse gas inventories. The 
IPCC guidelines employ a multiple ‘tier’ approach, i.e.: 1) Tier 1 employs simple empirical models 
with default parameter values as supplied in the Guidelines, 2) Tier 2 uses the same model as in 
Tier 1 but with country-supplied parameters (e.g. reference soil C stocks, emission and stock 
change factors), and 3) Tier 3 is defined as advanced inventory methods, typically employing 
process-based models and/or inventory measurement networks. Countries are encouraged to 
use the highest Tier methods that are in line with country circumstances and capabilities, 
particularly for activities that represent ‘key source/sink’ categories. 
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The GEFSOC project has impacted the development of IPCC methods for C emissions/removals 
from soils in two significant areas. First, data from long-term experiments and chronosequences 
collected by GEFSOC project scientists have been included in the global data sets used to revise 
soil stock change factors in the IPCC Tier 1 (default) method. The global data sets were 
assembled and analyzed at CSU-NREL with the participation of GEFSOC investigators (K. 
Paustian, M. Easter) and incorporated into the 2003 Good Practice Guidance for Land Use, Land 
Use Change and Forestry Greenhouse gas inventories and are currently being incorporated into 
the IPCC 2006 Guidelines for National Greenhouse Gas Inventories – Volume 4: Agriculture, 
Forestry and Other Land Use (AFOLU).  
 
Secondly, the GEFSOC system provides the opportunity for developing countries to use an 
advanced (Tier 3) inventory methodology, using the two most widely used soil C simulation 
models available (Century and RothC), to improve their estimates of land use related C emissions 
and/or sequestration. The Brazilian Ministry of Science and Technology (MCT) plans to use 
GEFSOC results of changes in soil organic carbon stocks due to land-cover and land-use 
changes as part of the Second National Communication to be submitted to the UNFCCC. The 
other case study countries involved in the project also plan to incorporate results into their future 
national communications. 
 
The GEFSOC system also provides estimates using the default Tier 1 approach, within the same 
software package.  Further, if country-specific stock change and emission factors are available, 
these can be entered into the database to construct a Tier 2 inventory. Hence countries can 
readily identify which land use activities and/or geographic areas within their country are 
potentially of most importance as a C source or sink. They can make comparisons between Tier 1 
(and Tier 2) and Tier 3 based estimates and use the information to set priorities for collection of 
additional information to reduce uncertainties for key sources and sinks. To our knowledge, the 
GEFSOC system is unique in providing multiple approaches for computing soil C emissions and 
removals for national greenhouse gas inventories. 
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10. CONCLUSIONS 
 
The GEFSOC Modelling System provides a means of estimating soil carbon stocks and changes 
at the national and sub-national scale.  
 
To our knowledge, the GEFSOC system is unique for a number of reasons: 
 
- The system is applicable to a wide range of soil types, climates and land uses, 
having been developed using data sets from 4 contrasting eco-regions.  
 
- The system was co-developed by partners in developing and developed 
countries. Expertise on the development and future use of the system, therefore 
resides in both the developing and the developed world. 
 
- The system provides multiple approaches for computing soil C emissions and 
removals for national greenhouse gas inventories. It makes estimations using 3 
methods, two process based models (RothC and Century) and an empirical 
method (the IPCC Method).  
 
- The  GEFSOC system (which is publicly available and downloadable from the 
web (http://www.nrel.colostate.edu/projects/gefsoc-uk/)) provides the opportunity 
for developing countries to use an advanced (Tier 3) inventory methodology, 
using the two most widely used soil C simulation models available (Century and 
RothC),  to improve their estimates of land use related C emission and/or 
sequestration.   
 
- The system simultaneously provides estimates using the default Tier 1 approach, 
within the same software package.  Further, if country-specific stock change and 
emission factors are available, these can be entered into the database to 
construct a Tier 2 inventory.  Hence countries can readily identify which land use 
activities and/or geographic areas within their country are potentially of most 
importance as a C source or sink. 
 
 
The system has been demonstrated by estimating soil carbon stocks and stock changes over the 
next 25 years for The Brazilian Amazon, The Indian Indo-Gangetic Plains, Jordan and Kenya. 
The stocks and stock change rates proved to be comparable to estimates made using traditional 
map based approaches.  
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11. RECOMMENDATIONS 
 
The GEFSOC Modelling System and outputs from The GEFSOC Project have great potential for 
use by a variety of end-users, such as agencies funding large scale environmental projects, 
researchers, policy makers, GHG inventory makers and land use planners. It is hoped and 
recommended that use be as wide as possible and this will be facilitated by the availability of the 
system and other project outputs, via the world wide web 
(http://www.nrel.colostate.edu/projects/gefsoc-uk/). 
 
Although originally designed for use at the national and sub-national scale, The GEFSOC system 
in essence, can be applied to any complex system land use system involving large amounts of 
data. It could therefore be applied at the watershed scale, or other scales, providing adequate 
datasets are available. Investigations into further developments need to facilitate use at smaller 
scales is therefore recommended. 
 
The GEFSOC Modelling System will continue to be developed and improved. Recommendations 
for development and improvement include: 
 
 
- Application of the system to an even greater diversity of soil types and land uses 
 
- Inclusion of further detailed land management information for tropical 
subsistence farming systems 
 
- Adaptation of the system to allow consideration of soil erosion on SOC stocks 
and changes 
 
- Adaptation of the system to allow consideration of salinisation on SOC stocks 
and changes 
 
- Consideration of soil inorganic carbon stocks  
 
- Modification of outputs to include trace GHGs emissions 
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